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ABSTRACT 
 
This thesis describes a series of four experiments designed to evaluate the role of the 
supply of protein in livestock grazing high quality pasture during mating and during 
pregnancy. The first two studies investigated the effects of high crude protein content 
of spring or autumn re-growth pasture on the reproductive performance of dairy cows 
and of ewes at mating. The last two studies investigated how the dietary supply of 
protein, body condition and their interactions contribute to the breakdown of 
immunity during the peri-parturient period in ewes and investigated underlying 
endocrine mechanisms. 
 
In the first study (Chapter 3) cows were blood sampled via the tail vein during the 
breeding period in spring. Plasma was then analysed for urea concentration. Cows 
with high plasma urea (HPU) or low plasma urea (LPU) were defined as those with 
plasma urea concentrations of ≥ or < 44.9 mg/dl respectively. Lactating cows (n = 
200) were also categorized into high milk producers (HMP) or low milk producers 
(LPM) relative to an average daily yield of 26.6 l/d. Pasture clipping showed an 
average pasture CP (crude protein) content of 223 g/kg DM. Concentrations of plasma 
urea ranged from 26.6 to 64.4 mg/dl. No correlation was observed between plasma 
urea concentration and either reproductive indicators or milk parameters. Mean blood 
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urea concentration of HPU cows was 50.8 compared to 38.5 mg/dl in LPU cows. 
There was a trend for more animals (P = 0.09) in the HPU group than in the LPU 
group not to return to oestrus. Cumulative pregnancy rate in HPU and LPU was 
similar except at week 6 after the start of mating when more (P < 0.01) HPU than 
LPU cows were pregnant. Calving to conception interval, calving interval and interval 
between conception and first service were similar (P > 0.05) between HPU and LPU 
cows. Gestation length, calving rate, milk yield and milk components were also 
similar (P > 0.05) between LPU and HPU cows. There was no difference (P > 0.05) in 
plasma urea concentrations between HMP and LMP milk producers. However, 
calving to conception interval, interval between calving and first service and calving 
interval were longer (P < 0.001), submission rate higher (P < 0.001) and NRR (Non-
return rate) higher (P < 0.05) in LMP than HMP. The number of services, the interval 
between first and second service, gestation length and CR (calving rate) were similar 
(P > 0.05) between HMP and LMP cows. HMP had lower (P < 0.001) milk protein 
and fat concentrations than LMP cows. This information indicates that, despite the 
fact that plasma urea was consistently higher than levels in the literature which have 
been associated with reduced fertility in dairy cows; no impairment of reproductive 
performance was observed.  
 
In the second experiment (Chapter 4) mature and dry Coopworth ewes were blocked 
by weight, body condition and previous prolificacy (high, HP vs low twinning 
frequency, LP) into two groups and thereafter randomly allocated to diet which were 
designed to provided either 1) high protein (163 g/kg DM, ryegrass/red clover pasture, 
HPP) or low protein (119 g/kg DM, hay and barley grain, HB) supply at joining. 
These were designed to provide high and low plasma urea concentration. Over a 
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period of 17 days, ewes recorded as mated were examined by laparoscopy, at which 
time there was no difference in blood urea concentration (58.6 vs 56.1 mg/dl) between 
HPP and HB groups. Fifty days after the start of joining the number of foetuses 
present was counted using ultrasonography. As a consequence of lack of difference in 
the plasma urea concentration, irrespective of treatment group, individual animals 
were categorized into high (HU) and low plasma urea (LU) status based on whether 
plasma urea concentration was higher or lower than the sample mean of 51.5 mg 
urea/dl. Lambs which weighed greater than the mean plus one standard deviation for 
their litter size were classified as oversize. Ovulation rate and conception rate were 
similar (P > 0.05) between HPP and BH and between HU and LU ewes. Ewes with 
previous high reproductive performance (HP) as would be expected had higher 
ovulation rate (P < 0.001) and conception rate (P < 0.01) than LP ewes. Embryo 
losses was not (P = 0.06) different between HB and HPP ewes. Urea category (HU vs 
LU) did not (P > 0.05) influence embryo mortality. Foetal loss, neonatal loss, total 
reproductive loss and mean lamb birth weight was were not affected by diet, nor urea 
category (P > 0.05). Single ovulations had tended (P = 0.08) to contribute to higher 
embryo loss compared to multiple ovulations, and, single foetuses suffered higher 
(P<0.001) losses compared to multiples. While the study did not achieve large 
differences in plasma urea concentrations between diets, the levels of plasma urea 
operating were high yet reproductive wastage rates were similar to those recorded in 
the literature. Together with similar apparent lack of effect on a high plasma urea 
environment, the data suggest either that previous findings from controlled studies 
have a more complex aetiology or that pastoral animals can adapt to high tissue 
ammonia/urea status.  
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The third trial (Chapter 5) was designed to provide information on the supply of 
amino acids to the abomasum from protein supplementation which have previously 
been found to overcome dietary scarcity associated with limitation of peri-parturient 
increase in FEC. 
Twin-suckling ewes were fitted with rumen and abomasal cannulae and grazed a 
ryegrass/clover sward (C) or the same sward but with a 500 g/h/d protein supplement 
(S). The trial was designed as a cross-over with two 14 day adaptation periods 
followed by two five-day digesta-sampling periods. All ewes were treated with 
anthelmintic 14 days after lambing. Weekly analysis of blood glucose was carried on 
whole blood and analysis of amino acids in plasma. The flows of amino acids (AA) 
and dry matter (DM) at the abomasum were measured during both sampling periods 
using intra-ruminally infused markers. Live weight and faecal egg count (FEC) were 
recorded weekly. Diurnal variation in AA flow at the abomasum peaked between 
12:00 and 15:00 h and was greatest in S ewes. Flows of AA, including DAPA, were 
increased by supplementation by 16%, while sulphur amino acids (SAA) were the 
most enhanced (by 21%) and flows of leucine, lysine, glutamine and aspartate were 
increased by about 20%. There were significant time effects in rumen and abomasal 
pH (P < 0.01; in both cases in both periods) reflecting increase in pH after 09.00 h. 
During Period II, rumen pH in digesta of C ewes was significantly higher (P < 0.001) 
than that of S ewes (6.7 ± 0.05 vs 6.4 ± 0.05 for C and S ewes, respectively).  Plasma 
AA concentrations (P < 0.01) were lower in S ewes 21 days after parturition, but 
similar (P > 0.05) to those of C ewes at other times. Forty-three days after lambing 
(after cross over), the order was reversed as plasma methionine and cysteine 
concentrations of C ewes became low (P < 0.05). These changes in plasma AA were 
accompanied by changes in body condition score between day 23 and 70 post-partum 
 V
whereby C ewes lost more body condition than S ewes. There was evidence for a 
lower FEC in S ewes, being 46 vs. 670 epg, respectively for S and C groups (P = 
0.08) 21 days after anthelmintic treatment. There were higher (P < 0.05) blood 
glucose levels in C compared to S ewes at day +35 relative to lambing which was 
reversed and significantly higher (P < 0.01) for S ewes by day +56 from lambing 
(after treatments were reversed). There was no significant effect of treatment on live 
weight and lamb performance. There are limited data in amino acid supply on 
lactating ewes on pasture and the present study contributes additional information on 
the supply of amino acids at the abomasum. The prediction that flow rates that 
sulphur amino acids may have been enhanced to the greatest degree could be 
significant since sulphur amino acids are needed for the synthesis of glutathione for 
immune response. It can be calculated that supplementation to supply the quantities of 
S-amino acid at pasture would be needed, since it would not be possible for sheep to 
increase pasture intake to achieve similar S-amino acid flow. Increase in bypass 
amino acids in S ewes at certain times in the day probably suggests influence by 
protein supplementation at certain times of the grazing cycle. Reduced plasma free 
amino acids at day +21 relative to lambing, may indicate sparing of body protein 
breakdown by protein supplementation. However, the difference in blood glucose on 
day 35 and day 56 may indicate re-adjustment of hormonal settings, responsible for 
nutrient partitioning.  
 
The last study (Chapter 6) used ewes during the peri-parturient period on pasture. 
Eighty pregnant ewes were allocated into four groups balanced for anticipated number 
of lambs. Group 1 had a high body condition score (BCS) of 4.0 which was 
maintained throughout pregnancy by pasture allowance (HM; n = 20). Group 2 (n= 
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40) had medium body condition (BCS 3.0) and were split into two subgroups; one 
was offered pasture to allow gain of condition (MH; n = 20) and the second allowed 
to lose condition by offering a low grazing allowance (ML; n = 20). Group 3 were 
thin ewes (BCS 2.4) and pasture allowance was designed to maintain this condition 
(LM; n = 20). These feeding regimes were maintained for 3 weeks from week -8 of 
pregnancy. During week -5 to -4 all ewes were acclimatized to a protein supplement 
(60 g/d). A glucose tolerance test (GTT) was conducted during week -4 after which 
half of the ewes in each group were offered a protein supplement at the rate of 500 
g/d, creating –S and –NS groups. During wk -2, a second GTT was carried out. 
Animals were treated with an anthelmintic 3 wks before lambing, and were then 
challenged with a dose of 10 000 Teladorsagia circumcincta larvae on weeks -2 and -
1 relative to lambing. Weekly recording of FEC, live weight and body condition was 
carried out. Lambs were weighed within 24 h of birth and again at 44 and 65 d of age. 
Computed tomography body scanning was carried out on ewes at weeks -8, -3 and +8 
relative to lambing. There were no differences (P > 0.05) in lamb performance due to 
body condition or protein supplementation. FEC of all groups was low (≈ 9 peg) and 
there was no (P > 0.05) significant difference between ewes of different body 
condition or due to effects of protein supplementation. Ewes bearing/bearing multiple 
lambs had the highest FEC at day -32 and +12 relative to lambing, which was 
significant (P < 0.05) on the latter date. There were no significant effects of 
supplementation on parasite status. 
 
There were differences in basal plasma glucose concentration between groups (P < 
0.001), being highest in HM/S and least in ML/NS ewes and was generally higher (P 
<0.001) during GTT 2 than GTT 1. Ewes carrying a single foetus had higher (P 
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<0.001) basal glucose than those carrying multiple lambs (2.2 vs. 1.7 mmol/L, 
respectively). Other plasma glucose response indexes were similar (P <0.05) between 
groups. There were differences in insulin responsiveness between groups (P < 0.001), 
being highest in MH/S and least in ML/S ewes. Insulin responsiveness tended (P = 
0.06) to be lower during GTT 1 than GTT 2, but was higher (P < 0.01) in ewes 
carrying singles than multiples. There was tendency for higher though non-significant, 
basal insulin concentrations in HM ewes. Insulin trends over time after glucose 
infusion suggest greater insulin response at GTT 1. Basal insulin was not correlated 
with CT muscle weight. Despite differences in body muscle mass at the start of the 
trial and differences induced by nutrition during late pregnancy, positive gains in 
muscle mass occurred during early pregnancy and muscle mass was similar in all 
groups by day 56 of lactation. Animals with greatest fat content at parturition (HM) 
mobilised the greatest amount and those with least fat (LM) deposited fat during 
lactation. Further experimentation may consider the use of the hyperinsulinemic-
euglycemic clamp approach to more precisely estimate whether hormonal re-setting 
through insulin resistance may be involved in relaxation of immunity during the peri-
parturient period. 
 
 
Keywords; Fertility; urea; embryo; dairy cows; ewe; pasture; peri-parturient; protein; 
cytokines; immunity; insulin; glucose. 
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PREFACE 
 
This story was overheard inside the gastrointestinal gut of one sheep 
somewhere in New Zealand. 
 
 
Internal parasite X: It is now that time of the year when the farmer will soon come 
drenching his sheep and I hate that time because it mean the end of some of us. 
 
Parasite Y: But there is an easy way of avoiding death 
 
Parasite X: And how does one accomplish that? 
 
Parasite Y: Just change your DNA 
 
Parasite X: Do you mean by mutating I will survive the onslaught of anthelmintic? 
 
Parasite Y: Yes 
 
Somewhere in New Zealand on rye-red clover pastures, this story was 
also overheard 
 
Sheep A: Do you know it is that time of the year when the farmer will be coming with 
that foul tasting drug, how I hate it. 
 
Sheep B: It is not only the taste, that drug is no longer effective against worms  
 
Ram C: So how can we tell the farmer to change the drug, may be I will just kick it 
off his hands 
 
Sheep B: There is no need to be violent, just hide during the day of deworming 
 
Sheep A: And how do I survive the worms? 
 
Sheep B: I have discovered a secret; I jump over to the farm next door and help 
myself to some protein supplement. 
 
Sheep A: How does the protein help with worms? 
 
Sheep B: The protein help boost your immunity and your body can then fight the 
worms by itself. 
 
Sheep A: Next time you go there call me 
 
 
And that’s how they survive internal parasites;…….. stealing protein supplement 
from the neighbour. 
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 CHAPTER 1 
1.0 Introduction 
Protein is an important nutrient for lactation, growth and development and for 
establishment and maintenance of immunity. When fed at higher than conventional 
recommendations of AFRC (1993) and NRC (1985) it can have both positive and negative 
effects on individual animals. On the one hand, during early pregnancy, nutrient demands 
of the early embryo are quantitatively minute, but are very specific in both their qualitative 
and temporal expression (Robinson et al., 1999b). Excessive dietary protein intake during 
early lactation has been associated with decreased fertility in dairy cows (Hammon et al., 
2005; Rhoads et al., 2006). When dietary protein is highly degradable or excessive 
provision of protein or energy deficiency leading to amino acid deamination, ammonia is 
produced and is detoxified in the liver to urea (Canfield et al., 1990; Elrod and Butler, 
1993) and is reflected in the high plasma urea in plasma or serum and reproductive fluids  
(Hammon et al., 2005). The underlying causes of reproductive inefficiency in ruminants 
with elevated plasma urea or ammonia are unclear (Hammon et al., 2005). However, 
increases in concentration of these chemicals have been associated with decreased 
conception rates (Butler et al., 1996) and reduced fertilization, altered embryo 
development, decreased embryo survival (Blanchard et al., 1990; Rhoads et al., 2006)  
and ‘large offspring syndrome’ (McEvoy et al., 1997). The syndrome is associated with 
increase in birthweight to various degrees, dystocia and often gestation is extended (Young 
et al., 1998). The increase in size is frequently much greater than that which can be 
generated from post mating alterations in the maternal nutrition (Robinson et al., 1999a). 
Other features associated with syndrome include increase prenatal losses, breathing 
difficulties, reluctance to suckle, sudden perinatal death (Young et al., 1998) and a shift in 
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the growth rate of key foetal organs relative to the overall growth rate of the foetus 
(Sinclair et al., 1997).  
 
On the other hand, during late pregnancy or early lactation, the nutrient needs of grazing 
ruminants increase considerably. The foetus accumulates almost 80% of eventual mass at 
birth during the final third of pregnancy (Faichney and White, 1987) and nutrient demands 
for lactation are in excess of three times maintenance requirement. Nutritional challenges 
are especially great in late pregnancy or early lactation for ewes carrying or nursing 
multiple lambs, which are an addition to the challenges of gastrointestinal parasites, 
exposure to cold weather or availability of low-quality pasture. Sheep production in New 
Zealand (NZ) is based on pasture, using ryegrass-white clover forage systems with little 
supplementation (Sykes and Coop, 2001). In the light of evidence that feeding greater than 
conventional requirements of protein may be beneficial for immune function, there is 
uncertainty about the benefits of supplementation. Offering more protein than requirements 
for growth (Bown et al., 1991a; Kambara et al., 1993) or reproduction (Houdijk et al., 
2001b) has enabled sheep to withstand negative effects of nematode infection through 
improving resilience and/or resistance.  
 
Protein leakage into the GIT during nematode infection results in the animal synthesising 
more protein to replace these losses and represents a nutritional cost (Poppi et al., 1986). 
Many components of the immune system are proteinaceous in nature (Coop and Holmes, 
1996) and the pathophysiology associated with establishment of immune function is 
considered to have a high demand for protein (Colditz, 2008). The work of Donaldson et 
al. (2001) showed that this extra protein could be more than 30% above the metabolisable 
protein recommendations for pregnant ewes according to AFRC (1993). However, it is 
likely that such responses involve a requirement for a specific amino acid rather than for 
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protein per se (Hoskin et al., 2002) and identification of the specific amino acids requires 
further elucidation (Donaldson et al., 1998). One such attempt suggested that supplying 
cysteine and glutamine might improve both productivity and immune function (Hoskin et 
al., 2002). Most of the work that has established that response to nematode infection is 
sensitive to protein supply was carried out with pen-fed animals and for comparison, it is 
important to quantify the normal supply of amino acids to infected ewes on pasture, for 
which there are few studies. 
 
Other studies have shown that body protein reserves play an important role in overcoming 
the consequences of dietary  metabolisable protein (MP) scarcity that results in rise in FEC 
during peri-parturient period (Houdijk et al., 2001a). Mandatory evolution-based processes 
that regulate partitioning of nutrients (dietary and mobilized) during the peri-parturient 
period may be involved in the breakdown of immunity and are perhaps linked by the 
endocrine environment that regulates both reproduction and lactation. During late-
pregnancy, leptin concentrations are reduced (Bonnet et al., 2005) and there is an increase 
in glucose resistance (Petterson et al., 1993). In addition there is possible interplay of 
insulin and leptin on each other’s production (Ehrhardt et al., 2001), on gluco-regulation 
and on immunity (Ingvartsen and Boisclair, 2001). The possibility that these endocrine 
changes are drivers of the breakdown in immunity in the peri-parturient period in the ewe 
is a research-worthy area, especially since pro-inflammatory cytokines produced during 
response to infection are considered to have the capacity to induce a state of resistance to 
insulin, growth hormone and IGF-1 (Colditz, 2004). 
 
This thesis presents a series of experiments which investigated the supply of protein to 
livestock grazing pasture during mating or late pregnancy and early lactation. It explores 
the theory that degradable protein in high-quality pasture may compromise fertility when 
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mating of cows occurs on high quality spring pasture and of ewes on autumn pasture 
growth. The studies also tested hypothesis that increased MP to parasitized ewes grazing 
pasture during the peri-partum period would help re-establish immune function. It also 
seeks to establish the possible role of endocrine changes normally associated with nutrient 
partitioning as a mechanism involved in relaxation of peri-parturient immunity in the ewe.  
 
 
CHAPTER 2 
2.0 LITERATURE REVIEW 
2.1 Introduction 
Livestock farming in NZ is based on ryegrass-white clover pasture (Waghorn and Clark, 
2004) and is largely independent of costly supplements (Sykes and Coop, 2001). Absence 
of supplementation means that pasture has to be of high quality to meet the requirements of 
animals for high levels of production and characteristically pasture contains high levels of 
crude protein, ranging from 15 to 30% (Chaves et al., 2002; Moller et al., 1993). In general 
this has advantages in ensuring high levels of production and the timing of parturition in 
spring ensures that high-quality pasture is available when the demands of late pregnancy 
and lactation are high. However, the possibility that of high levels of nitrogen from highly 
degradable protein have impact on embryo development and on fertility has been 
highlighted (Kenny et al., 2001; Laven et al., 2002; McEvoy et al., 1997; Robinson et al., 
2006; Wittwer et al., 1999) in the Northern Hemisphere. This has potential implications for 
the NZ dairy industry since reliable re-breeding within 3 months of parturition in spring is 
important to maintain an annual calving interval. While this is not an issue in sheep in 
spring, given the shorter gestation period, mating is usually planned within a period of lax 
feeding of high-quality autumn regrowth pasture. There is no tangible evidence that 
detrimental effects of highly degradable nitrogen do occur under NZ pastoral conditions. 
Studies in NZ have, however, shown high blood urea concentrations in cows on spring 
pasture (Auldist and Prosser, 1998; Kolver and Macmillan, 1993, 1994; Moller et al., 
1993) or high milk urea concentrations (Kolver and Macmillan, 1993).  
 
Despite the competitive advantages of sheep production under pastoral systems in NZ 
outlined by Fisher (2004) and the high-quality of pasture, this system faces the challenges 
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of internal nematode parasite infections. Because of favourable conditions of warm 
temperature and soil moisture, (Armour, 1980; Gibbs, 1982) large numbers of infective 
stage larvae can be available during spring when susceptible neonates are born. On the 
other hand, there is evidence that even high-quality pasture may not meet the protein 
requirement for maintenance of immunity with consequent peri-parturient increase in 
faecal egg count (FEC). Late pregnancy and early lactation are periods of high nutrient 
requirement (Kahn et al., 1999).  Both ME and MP requirements in twin bearing ewe are 
increased such that the ratio of requirement of MP:ME approaches 9.0g MP/MJ ME 
(Kahn, 2003) and may be further elevated during parasite challenge. It has been observed 
that the reproductive ewe experiences greater breakdown of immunity than non-pregnant 
animals during the peri-parturient period (Houdijk et al., 2005). Protein supplementation of 
ewes on high-quality pasture (Kahn et al., 2003a; Sykes, unpublished data) can reduce 
FEC. Such responses probably involve a requirement for specific amino acid rather than 
protein per se (Hoskin et al., 2002). For instance, glutamine (Hoskin et al., 2002; Rogero et 
al., 2008) and cysteine (Hoskin et al., 2002; Liu and Karlsson, 2004) have been suggested 
as important for immune responses, but these specific amino acids may not be supplied by 
pasture in sufficient amounts to stimulate immune function in high-producing sheep. The 
actual supply is, however poorly understood.  
 
2.2 Effects of highly degradable protein on reproduction 
2.2.1 Nutrition 
The genetic determination of birth weight comes from a contribution from both the 
paternal and maternal genome, but nutrition of the female animal and its effect in the 
uterus microenvironment plays a major role. For the foetus to reach full genetic potential it 
must develop in an optimal intrauterine environment with adequate supply of oxygen and 
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nutrients, free from harmful effects of toxic agents and pathogens (Rees and Harding, 
2004). Earlier studies (Faichney and White, 1987; Mellor, 1983) on birth weight, evaluated 
effects of nutrition during the last trimester of pregnancy. The foetus accumulates almost 
80% of eventual mass at birth during the final third of pregnancy (Faichney and White, 
1987). However, evidence shows that although the nutrient demands of the early embryo 
are quantitatively minute, they are very specific in both their qualitative and temporal 
expression (Robinson et al., 1999b). This is because nutrition during foetal growth and 
indeed during early- and mid-pregnancy could inflict a legacy of developmental changes 
that affect size, viability and health of the neonate and its post-natal performance 
(Robinson et al., 1999a). This has lead to a theory of early life nutrient re-programming. 
This describes a phenomenon whereby a stimulus or insult at a critical, sensitive period of 
early life has permanent effects on structure, physiology and metabolism (Godfrey, 2002). 
How nutrition mediates this re-programming is a topical issue in both livestock and human 
foetal developmental research. Reports from animal experiments (Ashworth and Antipatis, 
2001; Barnes, 2000; Bishonga et al., 1996; Dawuda et al., 2002; McEvoy et al., 1997) have 
identified feed metabolites or constituents or level of feeding (Adamiak et al., 2005) as 
contributing factors to a mechanism that results in variation in growth, health status of  the 
embryo/foetus and the associated ‘large-offspring syndrome’. These putative constituents 
have included urea and ammonia from diets high in protein. 
 
2.2.2 Effects urea and ammonia 
The idea that ammonia from high-protein diets can be detrimental to embryo development 
was prompted by the consistent observation of declining fertility in dairy herds offered 
high-protein diets. Early studies (Folman et al., 1981; Jordan and Swanson, 1979a) 
reported that feeding excessive levels of protein can have negative effects on conception 
rate. Folman et al. (1981) also observed that intake of a ration containing 20% crude 
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protein (CP) resulted in high plasma urea concentrations. High circulating urea 
concentrations were found to be associated with high plasma ammonia and uterine fluid 
urea concentrations by Jordan et al. (1983). Though total crude protein intake itself may 
not have had a direct impact on fertility, its association with a consistent decline in 
conception rates led to a productive line of enquiry as evidenced by a subsequent study by 
Ferguson and Chalupa (1989). These authors postulated that high concentrations of 
ammonia, as a by-product of nitrogen metabolism in the rumen may impair sperm, ova or 
early embryo survival. They concluded that fractionation of (CP) into degradable- (DP) 
and undegradable protein (UDP) appeared to better describe protein-induced reduction in 
fertility rather than CP intake per se. Subsequent studies observed reduced numbers of 
fertilized ova (Blanchard et al., 1990), reduced first conception rates and elevated plasma 
urea nitrogen (Canfield et al., 1990; Elrod and Butler, 1993) in association high DP intake. 
The mechanism by which these effects are mediated was thought to be through alteration 
of the uterine environment (Canfield et al., 1990; Jordan et al., 1983).  
 
2.2.3 Possible role of glutamine 
The change in uterine environment, as determined by the change in pH, reflects an altered 
uterine secretory activity (Elrod and Butler, 1993; Elrod et al., 1993). Elrod et al. (1993) 
found that both DP and UDP and not just the DP fraction were linked to these changes in 
the uterus. This idea advanced by Elrod et al. (1993) corroborates a hypothesis by 
Ferguson and Chalupa (1989) who proposed that reproduction in young cows is more 
sensitive to absorbed amino acid than excess ruminal ammonia. Elrod and Bulter (1993) 
reported that elevated urinary ammonia concentration at day 7 (luteal phase) coincided 
with an aberrant uterine pH and proposed that detrimental effects on fertility may be 
ascribed to excessive ammonia possibly derived from glutamine. Within tissue cells, 
glutamate can react with ammonia (enzyme; glutamine synthetase) to form glutamine. In 
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this way, energy-yielding molecules for the embryo entering the Krebs cycle through 2-
oxo-glutarate would be reduced. 
 
2.2.4 Effects of urea/ammonia on circulating progesterone 
An earlier study reported that feeding high-protein diets reduced blood progesterone in 
dairy cows compared to those offered a low-protein diet (Jordan and Swanson, 1979b). 
Bishonga et al. (1996) also reported reduced circulating progesterone during the pre-
ovulatory period in ewes fed high-urea diets; however, subsequent embryo mortality was 
independent of alterations in progesterone concentration. Contradictory studies by McEvoy 
et al. (1997) found that added dietary urea had no effects on pre-ovulatory progesterone 
concentrations. Mann et al. (2003) also found that in beef heifers, enhancement of embryo 
development was not related to changes in circulating progesterone levels. Therefore, if 
there is any direct detrimental effect on the oocyte before fertilization it seems unlikely to 
be mediated through progesterone effects. Collectively, these studies suggest that the 
adverse effects of high intakes of DP are more likely to be acting in the reproductive tract 
than at the hypothalamic and pituitary level. 
 
2.2.4 Uterine environment 
The fact that alteration of the uterine environment in early pregnancy may affect embryo 
development was earlier reported by Miller and Moore (1976). The greatest changes in the 
uterine environment occur during the mid-luteal phase, a critical period for early embryo 
development that ultimately determines long-term embryo survival (Rhoads et al., 2006). 
Because it provides the nutritional environment for the early embryo, the metabolite and 
ionic composition of oviductal fluid is clearly important (Kenny et al., 2002). An altered 
secretory activity of the uterus during the luteal phase resulted in decreases in 
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concentrations of P, Mg and K in cows fed a diet containing 23% CP compared to 12 % 
CP and these mineral changes were related to increased plasma urea and blood ammonia 
concentrations (Jordan et al., 1983). However, with the exception of calcium, Kenny et al. 
(2002) did not find any effect of elevated systemic ammonia or urea on mineral 
concentrations (K, Mg and Na) from oviductal fluid of cows at day 2 and 8 of the oestrus 
cycle when urea or ammonia was infused into the reproductive tract. Rhoads et al. (2006) 
recorded a decrease in uterine pH during urea infusion at day 7 after estrus. The 
importance of the uterine environment in embryo development is that a non-synchronous 
uterus is hostile to the developing embryo (Barnes, 2000). This may occur when the 
embryo develops in a dam fed a highly nitrogenous diet (Dawuda et al., 2002; Hammon et 
al., 2005; McEvoy et al., 1997). Indeed ammonia and urea concentrations in utero-
oviductal fluid were found to be higher in ewes fed a high urea diet (Madibela et al., 1995; 
McEvoy et al., 1997) and were associated with reduced embryo survival. Urea and/or 
ammonia in the uterus may cause disruptive its function through alteration of the ionic 
composition of the uterine fluid and consequently the uterus pH (Elrod and Butler, 1993; 
Elrod et al., 1993). High-protein diets lowered uterine pH at day 7 (Elrod and Butler, 1993) 
and during the luteal phase (Elrod et al., 1993) in dairy cows. It seems that detrimental 
effects on the embryo can occur within the uterus at the pre-implantation period, from 
conception to 7 days after pregnancy (Young et al., 1999). Some studies have reported this 
critical time to be 17 days after ovulation (Dawuda et al., 2004), on the day of insemination 
(Dawuda et al., 2002), before day 7 of pregnancy (Rhoads et al., 2006) or as early as 3 
days post-insemination (McEvoy et al., 1997). Hammon et al. (1997) found that when 
ammonia was introduced to the oocyte during maturation or during fertilization, there were 
no effects on cleavage rate, day 8-morula and blastocyst formation, though day 12 
blastocyst formation was affected. These in vitro effects of ammonia may be associated 
with effects observed in vivo. Uterine fluid ammonia and urea nitrogen concentration at 
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day 7 were found to be higher in dairy cows with higher plasma urea nitrogen ( ≥ 20 mg/dl 
vs < 20 mg/dl) (Hammon et al., 2005). The challenge would be to narrow the window at 
which this occurs and to elucidate the mechanisms through which these changes affect the 
embryo. 
 
2.2.4 Evidence of effects of urea and ammonia from in vivo and field studies 
Even though in vitro studies have not pinpointed the mechanism involved in development 
of large offspring syndrome, these studies have practical significance where highly 
degradable protein is fed, resulting in elevated levels of blood urea and ammonia 
concentrations during the breeding period. Such a situation may be manifested when cows 
are turnout to spring grass especially in grass-based feeding systems like that of NZ or in 
the tropics where urea is used to supplement low-quality cereal forages. Several studies 
have reported elevated blood urea or ammonia concentrations in cows or sheep grazing 
spring pastures (Kenny et al., 2001; Laven et al., 2002; Wittwer et al., 1999) or when 
animals are fed rapidly degradable urea based diets (Bishonga et al., 1996; Dawuda et al., 
2004; Dawuda et al., 2002; Madibela et al., 1995; McEvoy et al., 1997; Rhoads et al., 
2006). In dairy studies, Dawuda et al. (2004), Dawuda et al. (2002) and Laven et al.  
(2004) did not find any compromise in embryo development and attributed this to the 
ability of cows to adapt to high urea levels. In addition, Kenny et al. (2002) did not observe 
any detrimental effect on embryo development in dairy heifers grazing nitrogen fertilized 
pastures, despite high blood ammonia,. Rhoads et al. (2006) made similar observations 
with embryos from treated and control cows at time of embro collection, but embryos from 
cattle consuming high-urea diets resulted in lower pregnancy rates. This may be pointing to 
the fact that embryos that are exposed to ammonia may be predisposed not solely to 
degeneration and death but occasionally instead to abnormal, non-lethal re-programming 
of development (McEvoy et al., 1997). This means embryo may develop into phenotypic 
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normal offspring but manifest large offspring syndrome or offspring with breathing 
difficulties, reluctance to suckle, sudden perinatal death (Young et al., 1998) and a shift in 
the growth rate of key foetal organs relative to the overall growth rate of the foetus 
(Sinclair et al., 1997).  Contrary to Dawuda et al. (2004) and Laven et al. (2004), a study 
by Wittwer et al. (1999) observed an association between high milk urea and low fertility 
in dairy cows grazing spring pastures. However, embryo survival in cows which were 
twenty days pregnant was not affected by readily degradable nitrogen in heavily fertilized 
pasture indicating that probably the effect may have occurred before this period (Laven et 
al., 2002). These contradicting reports may also be due to the possibility that cows in herds 
with already high conception rates may be less affected by increasing blood urea nitrogen 
compared with cows in herds with low conception rate (Ferguson et al., 1993). It would be 
worth investigating whether similar detrimental effects on embryo in livestock grazing 
pasture with highly degradable protein occurs in livestock in NZ and is the subject of work 
described in Chapters 3 and 4 of this thesis. 
 
2.3 Protein nutrition in the parasitised ewes 
2.3.1 The gastrointestinal tract 
To better understand the nutritional and metabolic changes, and immune responses that 
take place within the gastrointestinal (GIT) tract, it is worthwhile to look briefly at the 
dynamics of a normal GIT. In the sheep the GIT contributes a substantially (32 to 45%) to 
whole-body protein synthesis (MacRae et al., 1997a). According to MacRae et al. (1997a), 
van Goudoever et al. (2000) and Lobley et al. (2003), the high metabolic activity is 
necessary for the integrity of the GIT to meet the demands of digestion, absorption and to 
produce large amounts of immunoglobulins and mucins within the mucosa. A study by van 
Goudoever et al.  (2000), using pigs, found that inadequate protein intake did not affect 
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total lysine use by the portal-drained viscera, implying a high obligatory need for lysine by 
the viscera. In addition, it appears that even in the well-fed state the GIT uses amino acids 
solely from circulating blood (MacRae et al., 1997a) whereas during restricted protein 
intake, the source of amino acid (i.e. lysine) is switched to mixed dietary and systemic 
sources (van Goudoever et al., 2000). However, there may be an endogenous cost (Lobley 
et al., 2003) due to this high amino acid sequestration by GIT tissue from the systemic 
circulation. For instance, as a consequence of high usage of some specific amino acids, the 
visceral growth and metabolism are well maintained whereas supply to peripheral tissues 
such a skeletal muscles and mammary gland is compromised (El-Kadi et al., 2006; 
MacRae et al., 1997a; van Goudoever et al., 2000). This background information in the 
metabolism of the GIT under normal conditions seeks to prime the reader to the 
consequences of changes to the GIT environment due to parasitism or increased nutrient 
demands due to a combination of parasitism and the nutrient demands for foetal growth or 
lactation. 
 
The importance of the GIT is also derived from the fact that about 70% of the body’s 
population of immune cells reside within the villus or Peyer’s patches (Reeds and Burrin, 
2000). In response to gastrointestinal nematode challenge, the gut mucosal mast cells 
population (MMC) increase in number and resistance to challenge is indicated by 
appearance of globule leucocytes which are considered the mature stage of or degranulated 
MMC (Israf et al., 1996). Leucocytes produced in bone marrow populate the gut mucosa 
and have a requirement for glutamine (Colditz, 2002, 2004). Eosinophils from constitutive 
bone marrow and probably from the mucosal tissue may be considered an important first 
line of defence in determining if in-coming helminth larvae can become established (Behm 
and Ovington, 2000). Immunity is manifested by reduction in worm burden (Israf et al., 
1996) and during this time changes in the mucosa include increased infiltration of the 
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mucosa with mast cells (MMC), globule leucocytes (GL) and eosinophils, and plasma 
leakage (Colditz, 2003; Israf et al., 1996). Some acute phase proteins which are initiated by 
pro-inflammatory cytokines during infection are also synthesised in the gut (Colditz, 2002) 
and may partly account for the increased amino acid sequestration observed by Yu et al. 
(2000). Mucus from goblet mucus cells is believed to facilitate worm expulsion and 
contain high concentrations of threonine, serine and proline which may result in 
deficiencies for other processes if mucus production is increased (Knox et al., 2006). In 
addition to a possible change in the profile of nutrient utilisation by the skeletal tissues due 
to the acute phase response (APR), nutrient requirements for increased production of 
leucocytes, of acute phase proteins and immunoglobulins will be increased (Colditz, 2003). 
Thus, besides the physiological drain of protein into the GIT tract, the establishment of an 
immune response creates a nutritional penalty to the host animal (Greer et al., 2005; Poppi 
et al., 1986). 
 
Young lambs without immune function slowly develop immunity upon exposure to 
intestinal nematodes. There is evidence that immunity is lost around parturition in ewes 
(Barger, 1993). There is considerable evidence that immune responses are protein/amino 
acid demanding (Donaldson et al., 2001; Houdijk et al., 2000; Kahn et al., 2003a) and that 
even high-quality pasture may not optimise the speed and extent of development of 
immunity.  Preliminary studies (Huntley et al., 2004; Sykes et al., 2007) have shown that 
local inflammatory cells (MMC and GL) of the GIT tract are reduced during the peri-
parturient period when protein supply is restricted. 
 
2.3.2 The role of nutrition  
Even though malnutrition and high susceptibility to parasitism often occur concurrently 
(Liu and Karlsson, 2004), the level of worm burden and productivity will depend on how 
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different predisposing factors affect the magnitude to which animals will exhibit resilience 
or resistance to the infection. Resilience is understood to refer to the ability of the animal 
to support an equivalent production to uninfected counterparts while faced with the 
pathogenic challenges of an infection while a resistant animal is the one which has the 
greater immune capability to control infection (establishment or maintenance of a 
nematode population). Among factors, such as cold stress and litter size (Xie et al., 2004), 
nutrition of the host seems to be a major factor affecting immune competency and the host-
parasite interaction (Kahn, 2003). Reduced performance in terms of growth results from 
reduction in voluntary feed intake which is an initial consequence of worm infection (Coop 
and Holmes, 1996; Liu and Karlsson, 2004) and the nutritional cost imposed by 
development of immunity (Greer et al., 2005; Poppi et al., 1986). It has been demonstrated 
that increasing the plane of nutrition in general, evoked resilience in growing lambs 
(Valderrabano et al., 2002) and resistance to parasitism in the peri-parturient ewe 
(Valderrabano et al., 2006; Valderrabano and Uriarte, 2003), accompanied by increased 
concentration of circulating eosinophils. In particular, increased dietary metabolisable 
protein (MP) has been found to be more important than energy (Bown et al., 1991a; 
Donaldson et al., 2001) and that body protein status was more effective than energy status 
(body fat), (Houdijk et al., 2001a). This may be understandable because, besides depressed 
food intake due to cytokine activity, pro-inflammatory cytokines can induce metabolic 
changes that are associated with protein wasting by stimulating skeletal and protein 
catabolism and enhancing efflux of glutamine and other amino acids from the tissue as fuel 
to the immune system (Grimble, 1998). However, conventional diets, including high-
quality pasture, may not be able to supply protein in sufficient amounts for the 
development of immune function. 
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2.3.3 Inadequacies of protein 
Central to the aspect of the activation of immune responses is the modification of nutrient 
metabolism. For instance, the role of glutamine as a substrate for synthesis of nucleic acids 
in enterocytes and leucocytes during APR and the cysteine requirement for synthesis of 
immunoglobulins, mucins and glutathione are considered to be increased (Colditz, 2003).  
The peri-parturient period, during which host resistance is disrupted (Kahn, 2003), is 
characterised by large increases in requirement for nutrients, an imbalance between 
nutrient demand and supply as well as low partial priority of the immune function for MP 
compared to pregnancy and lactation (Coop and Kyriazakis, 1999). These factors 
predispose to protein deficiency in the breeding ewe. Indoor (Donaldson et al., 2001; 
Houdijk et al., 2000) and grazing studies (Kahn et al., 2003b; Kahn et al., 2003a; Sykes, 
unpublished data) have shown that breakdown of immunity during the peri-parturient 
period can be affected by protein supply. In particular, increasing the supply of MP by 
supplementation in grazing ewes is most effective in reducing the extent of relaxation in 
immunity during the peri-parturient period, a period of high demand for MP (Kahn et al., 
2003a). 
 
2.3.3 Supplementation strategies 
Supplementation could result in either, directly supplying nutrients to meet the animal’s 
immune needs or indirectly by restoring body-tissue reserves which the animal would later 
draw on to boost immune function. For instance, when protein supplements were offered 
during the pre-partum period (Kahn et al., 2003a), the resultant body protein pools 
appeared to be a source of labile amino acids for the immune response during the 
postpartum period and reduction in FEC has observed. In addition high protein diets 
offered to young animals for a short period (9 weeks) after weaning resulted in reduced 
FEC for 69 weeks at grazing and this reduction was accompanied by improved wool and 
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body growth (Datta et al., 1999). This strategy of offering high-protein diets for short 
periods may be a sensible way of using scarce resources since proteins are expensive. In a 
reproductive ewe, carry-over effects were observed during the peri-parturient period 
(Houdijk et al., 2001a; Houdijk et al., 2000) when a high-protein diet was offered during 
mid-pregnancy. Advantages to the immuno-responsiveness of the short-term feeding of 
high-protein diets were suggested by high antibody responses to Haemonchus contortus 
and Trichostrongylus colubriformis (Datta et al., 1999) and by a higher proportions 
abomasal globule leukocytes in Teladorsagia circumcincta-infected sheep (Houdijk et al., 
2000).  
 
During the dry season in the tropics, the quality and quantity of dry matter declines and 
supplementation is an adopted strategy to supply necessary nutrients for animal 
maintenance. Without such supplementation, small ruminants will be very susceptible to 
internal parasites. Under such dry and hot conditions, the number of internal parasites is 
usually low, however Torres-Acosta et al. (2004) still observed that several non-
supplemented kids were shedding eggs during the dry period indicating that animals were 
infected. Therefore, if such supplementation provides biomass, in addition to helping 
animals exhibit a better resilience and/or resistance against internal parasites, the strategy 
would serve a good dual purpose. Supplementary feeding of Criollo kids during the dry 
season with a similar diet used by  Aguilar-Caballero et al. (2002) consisting of sorghum 
and soybean, did not affect FEC and peripheral eosinophil counts but nevertheless 
improved resilience of the kids (Torres-Acosta et al., 2006). Results from Liu et al. 
(2005b) suggest that maintaining sheep in good body condition could help to prevent the 
establishment of parasite infection. 
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2.3.4 Mobilised body reserves 
The period of transition between late-pregnancy and early lactation presents an enormous 
metabolic challenge to high-yielding ruminants such as dairy cows (Bell, 1995) or 
multiple-bearing ewes. In late pregnancy, most of the carbon and nitrogen required for 
foetal growth and metabolism is supplied by glucose and amino acids, with amino acids 
accounting for 30% of foetal oxidation (Faichney and White, 1987).  Maternal adaptations, 
in response to these increased requirements, include substantial catabolism of muscle 
protein and fat tissues (Robinson, 1986; Robinson et al., 1978). Given that during parasitic 
infection cytokines create metabolic changes that result in mobilised nutrients to the 
immune function (Grimble, 1998), therefore, one would expect competition between 
reproduction and the immune system. In parasitized ewes during the peri-parturient period, 
breakdown in immunity has been attributed to a prioritization of nutrients towards 
reproduction rather than the immune system (Coop and Kyriazakis, 1999). Shedding of 
eggs during the peri-parturient period, including early lactation is a source of infection for 
lambs. To overcome this breakdown of immunity and hence reduce pasture contamination, 
it has been found that increasing nutrition (Houdijk et al., 2000) or reducing demand for 
protein of the ewe, by lamb removal is effective (Houdijk et al., 2006). Animals in good 
body condition before infection stand a better chance of overcoming the breakdown in 
immune function. Some studies have found that body reserves in terms of fat stores are 
effective while some studies observed effectiveness in body protein. For instance, pregnant 
ewes which were made to store more fat reserves in early pregnancy, by offering a high 
plane of nutrition before infection with Haemonchus contortus had lower FEC 
(Valderrabano et al., 2006; Valderrabano and Uriarte, 2003). Back-fat thickness declined 
after infection, indicating mobilised nutrients which were accompanied by a decrease in 
worm burden at lambing. This probably suggests the role of energy. Resilience to 
gastrointestinal nematode infection appears to be sensitive to both ME and MP intake 
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(Kahn, 2003). However, earlier studies (Bown et al., 1991a; Donaldson et al., 1998) 
demonstrated that it was MP and not energy which was important enhancing resistance in 
gastrointestinal nematode. This was later suggested by Houdijk et al. (2001a) who reported 
a 3-fold increase in FEC of lactating ewes when ewes were fed to reduce body protein 
during mid-pregnancy while FEC was not affected when ewes were fed to maintain body 
reserves during mid-pregnancy. Endogenous-derived MP may be serving a similar purpose 
to that of dietary MP. This immune response to protein supply may not be out of step with 
an ability of maternal tissues to mobilise or deposit amino acids in response to protein 
supply. Net flux of amino acids to and from skeletal muscle is sensitive to protein nutrition 
in late pregnancy and by manipulating protein and energy contents of the diet, it is possible 
to alter protein accretion independently of fat accretion (McNeill et al., 1997). These 
metabolic changes may be under hormonal control, a subject which will be dealt with in 
See Section 2.6. 
 
2.4 The role of protein in immune function 
One feature of gastrointestinal tract helminthosis is endogenous protein loss (Yu et al., 
2000). The immune response, involving local inflammatory responses, epithelial cell 
secretions and antibody production are additional protein costs (Sykes and Coop, 2001). 
The extra protein would be used to support the pathophysiological responses in the 
intestinal tissue to parasite infection which results in increased protein metabolism (Yu et 
al., 2000). Bown et al. (1991a) demonstrated that increasing the supply of protein by 
abomasal casein infusion could counteract the reduction in nitrogen deposition and the use 
of metabolisable energy for growth in parasitised sheep. Fish meal as a source of 
undegraded protein increased the rate of worm expulsion, and this increase was correlated 
with increased levels of circulating eosinophils and concentrations of intestinal sheep mast 
cell proteases (van Houtert et al., 1995), improved weight gain, lower FEC and worm 
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burden in reproductive ewes (Donaldson et al., 1998). Undegraded protein delivers more 
amino acids directly to the abomasum having escaped fermentation in the rumen such as 
when casein was infused post-ruminally by Bown et al. (1991a).  Besides the use of dietary 
protein per se, to improve both resilience and resistance, it has also been demonstrated that 
urea supplementation, which would be anticipated to increase microbial protein synthesis 
in the rumen, reduced FEC and total worm numbers in sheep (Knox and Steel, 1996). 
However, Scott et al. (1998) were unable to demonstrate effect of urea supplementation on 
FEC in sheep infected by H. contortus. According to Coop and Holmes (1996), 
supplementation with urea-molasses blocks (UMB) alone will not fully overcome adverse 
effects of parasitism whereas addition of extra protein to the UMB supplementation will 
increase the resilience of the host. Though the effects of protein has been demonstrated as 
shown above, identification of the precise component of the protein responsible for the 
effects such as specific amino acids requires further elucidation (Donaldson et al., 1998). 
 
2.4.1 Amino acids 
Under normal circumstances, amino acid metabolism within the GIT and its accessory 
organs make a greater contribution to total body amino acid turnover and can have an 
important bearing on the availability of amino acids for the support of other productive 
functions (Reeds and Burrin, 2000). The pathophysiological changes that occur during 
inflammation (in human subjects) exert a large metabolic demand on amino acid 
metabolism (Grimble and Grimble, 1998) and is also the case in animals infected with 
internal parasites. Thus, it is conceivable that by preferentially meeting the metabolic needs 
of the mucosa by first-pass use during protein-limiting conditions (including parasite 
infection), systemic availability of essential amino acids would be low (van Goudoever et 
al., 2000).  In sheep infected by T. colubriformis, Yu et al. (2000) observed that leucine use 
was increased by 24 % across the gastrointestinal tract with the extra supply coming from 
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arterial sources with consequent reduction in net influx of leucine to other tissues. Reeds 
and Burrin (2000) reported marked variation in the degree to which different amino acids 
were utilised by the intestine in the piglet, indicating substantial modification of the 
mixture of amino acids available to the animal as a consequence of intestinal metabolism. 
Parasitic infection is likely therefore to not only cause re-distribution of amino acids 
between small intestine and peripheral tissues but also cause excessive amino acid 
catabolism resulting in net reduction in amino acid available for muscle tissue synthesis 
(Bermingham et al., 2006). This is because the composition of specific amino acids of the 
intestinal and liver protein is different from that of skeletal muscle protein in growing 
sheep, with higher proportion of cysteine and methionine in the gut and liver than in the 
carcass (MacRae et al., 1993). This may be attributed to the fact that 70% of immune cells 
reside in the intestine (Reeds and Burrin, 2000). However, according to Grimble (1998) the 
provision of amino acids from endogenous sources may be a better strategy because the 
amino acid profile more closely matches the demands of the inflammatory process than do 
those derived from an unreliable dietary nutrient intake. On the other hand, a fish meal-
based diet (Donaldson et al., 1998; Donaldson et al., 2001) and xylose-treated soybean 
(Houdijk et al., 2003), have been found to be effective in peri-parturient ewes, and so has 
cotton seed meal in growing lambs (Datta et al., 1998). This could have been so, probably 
because these diets were able to supply amounts of amino acids sufficient to increase the 
supply of the most rate-limiting amino acid (s).  
According to Grimble and Grimble (1998) many substances produced in enhanced 
amounts in response to cytokines in human subjects, are rich in specific amino acids. The 
unfavourable correlation between FEC and wool growth (Liu and Karlsson, 2004; Miller et 
al., 2000) suggests that nematode-associated immune responses compete for nutrients that 
are critical for wool growth (Liu and Karlsson, 2004). The important limiting amino acids 
in wool growth are the sulphur-containing amino acids; cysteine and methionine. In human 
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subjects, it has been postulated that following infection and trauma, there is enhanced 
requirement for sulphur- and other amino acids (Grimble, 1992). There are also large 
decreases in plasma glycine, serine and taurine concentrations, which may indicate 
enhanced utilization of glycine, serine and sulphur amino acids, and a shortfall of provision 
from endogenous sources (Grimble and Grimble, 1998). Similar elevation in requirement 
may be occurring in livestock infected with internal parasites. In rats infected with live 
Escherichia coli, methionine trans-sulphuration flux to cysteine in both plasma and liver 
was increased by 80% (Malmezat et al., 2000). Evidence of such needs comes from the 
composition of certain components of the immune system displaying a high content of 
sulphur-containing amino acids (Sykes and Coop, 2001) and this may form the bases for 
argument for competing demands for these amino acids as indicated by Liu and Karlsson 
(2004) and Liu et al. (2005a). Cysteine requirements for immunity-associated responses 
may be high, possibly due to the high concentration of cysteine in mucins, a component of 
mucus (Liu et al., 2003). Leucotrienes, which are involved in cell-signalling, are rich in 
cysteine (Coop and Sykes, 2002). The proliferation of the lymphocytes and the cells of the 
GI tract place a high demand for glutamine (Hoskin et al., 2002). Glutathione (GSH) 
consists of glycine, glutamic acid and cysteine while metallothioneins contain glycine, 
serine, cysteine and methionine. These latter two, GSH and metallothionein, are produced 
in large amounts in response to cytokines in humans (Grimble and Grimble, 1998) and 
GSH is important for several T-cell functions (Miller et al., 2000). A recent report (Liu et 
al., 2005b) has revealed a depletion of blood GSH in parasitized lambs given food at 
maintenance or 1.5 x maintenance and this was observed even in parasite-resistant 
genotypes of sheep. Since GSH is derived from glycine, glutamic acid and cysteine 
(Grimble and Grimble, 1998), the depletion of GSH during nematode infection occurred 
when nutrient supply was relatively low and amino acids for biosynthesis of GSH were 
reduced (Liu et al., 2005b). The biochemical changes which take place during 
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inflammation exert a large metabolic demand on amino acid metabolism (Grimble and 
Grimble, 1998). For instance, in the gut mucosa, large populations of leucocytes utilise 
much of the glutamine provided by the diet and since muscle has a high capacity to 
synthesis glutamine, the muscle serves as a reservoir which supplies the pro-inflammatory 
cytokines with this amino acid to fuel leucocyte proliferation (Colditz, 2002). This may 
suggest that providing either free glutamine or glutamine-rich protein diets would improve 
the outcome of parasite infection. However, Preiser et al. (2003) found that, in human 
subjects, mucosal glutamine concentration was increased after administration of an enteral 
feeding solution containing glutamine-rich proteins but not additional free glutamine. 
Similarly, increasing the availability of sulphur-containing amino acids may be expected to 
improve both wool production and immune competency (Liu and Karlsson, 2004).  Hoskin 
et al. (2002) reported that cysteine and glutamine supplementation through the abomasum 
reduced peripheral eosinophilia and increased apparent nitrogen retention of parasitized 
sheep. Specific amino acids required by the immune system may be important, singly or in 
combination. For instance, in chickens challenged with sheep erythrocytes, the immune 
response was highly related to branched-chained amino acids, arginine plus lysine and less 
with sulphur-containing amino acids or aromatic amino acids (Konashi et al., 2000). 
Though additional protein or amino acids are able to help restore immune function or 
acquisition of immunity, in the ruminant animal the challenge is that rumen microbes alter 
the composition of dietary amino acids. There is no information on the supply of amino 
acids passing from the abomasum in lactating ewes on pasture, on the effect of infection or 
on the changes in amino acid supply due to protein supplements which have previously 
observed to enhance immune responses to nematode infection. 
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2.5 Flow rate of nitrogen in GI of parasitized ewe 
There are few studies on nutrient flow through the abomasum in lactating ewes grazing 
pasture. Results from studies (Dove and Milne, 1994) suggested that the bulk of non-
ammonia nitrogen (NAN) leaving the rumen was of microbial origin in ewes grazing 
pasture. However, earlier studies from this research group showed that protein 
supplementation to grazing lactating ewes increased abomasal NAN, microbial nitrogen 
(Dove et al., 1985) and dry matter flow compared to controls (Dove et al., 1988). In 
addition, NAN flow to the duodenum in cows grazing pasture was increased when cows 
were supplemented with corn (Berzaghi et al., 1996). A high compared to a low CP (14.5 
vs. 11.0%) supplement offered to lactating cows also increased amino acid flow to the 
duodenum (Klusmeyer et al., 1990) A diurnal variation in nutrient flow through the 
abomasum was observed (Dove et al., 1988). In lactating dairy cows Robinson et al. (2002) 
also found diurnal patterns in amino acid flow in duodenal digesta depending on the time 
of feeding slowly degraded protein, either 08:00 or 00:30 h.  The variability was greater in 
cows fed during the day than those fed during the night (Gill and Robinson, 1995).Though 
feed intake would increase digesta flow (Ali and Hennessy, 1995) or total amino acid flow 
(Scholljegerdes et al., 2004) limitations to increased production on pasture-based systems 
due to low pasture dry matter intake is recognised (Kolver, 2003). Reduced flows of 
cysteine and methionine at the abomasum in sheep grazing pasture have been observed 
(McMeniman et al., 1986). 
 
When an amino acid mixture was infused directly into the rumen of sheep, fractions of 
lysine, threonine and methionine were incorporated directly into microbial protein (Cottle 
and Velle, 1989). Interestingly enough, pregnancy alters the amount of protein (Gonzalez 
et al., 1985) and total amino acids (Coffey et al., 1989) presented to the sheep abomasum, 
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probably by increasing the rate of passage (Gonzalez et al., 1985). It would be interesting 
to record these changes in parasitized ewes during the peri-parturient period. 
 
Earlier work with parasitized GIT tract-cannulated lambs  (Poppi et al., 1986) found that 
parasite infection increased the flow of non-ammonia nitrogen and NH3-N at the terminal 
ileum even though absorption from the small intestine endogenous secretions such plasma 
proteins appears to be unaffected  (Bown et al., 1991b). A 4g N/d increase in flow to the 
terminal ileum was recorded by Kimambo et al. (1988) during week 6 and 12 of dosing 
with Trichostrongylus colubriformis in growing lambs. Roseby (1977) also observed that 
water, dry matter and nitrogen content were lower in the rumen and higher in the 
abomasum, small intestine and caecum-proximal colon of infected sheep. A recent study 
(Bermingham et al., 2008) has shown that flow of amino acids through the abomasum was 
increased in Trichostrongylus colubriformis-infected lambs but no difference was observed 
at the ileum. For animals supplemented with undegraded protein, it is expected that this 
difference would be sustained at the ileum with extra protein partitioned to the immune 
system. In the lactating ewe, it is only after the needs for milk production are achieved that 
extra protein is made available to the immune system (Houdijk et al., 2003) consistent with 
the fact that immune response are more sensitive than lactation to protein supply (Houdijk 
et al., 2000). Such changes in nutrient partitioning to different organs, life functions and 
end-products are under the control of hormones (Friggens and Newbold, 2007). 
 
 2.6 Is there a hormonal link to immune function? 
The possibility that hormonal involvement in the immune function in nematode-infected 
animals has been raised in literature. This emanated from effects that could not be 
accounted for by protein supplementation or body condition especially in the peri-
parturient ewe (Houdijk et al., 2005; Kahn, 2003) and prompted the idea that other factors 
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may be involved. Classical biology teaches us that nutrient metabolism and partitioning are 
regulated by hormones and it would not be unreasonable to assume an involvement of 
hormones in the breakdown of immunity during the peri-parturient period. A recent review 
by Kelley et al. (2007) recognises hormone-hormone and hormone-immune system 
interactions that co-stimulate animal cells in a disease-free or stressed state. This balance is 
upset during infection and autoimmune diseases. Research from human medicine and 
rodent models for type 2 diabetes has identified hormonal impairment due to hyper-
production of cytokines. In particular tumor necrosis factor alpha (TNF-α ) has been found 
to interfere with insulin action by decreasing tyrosine phosphorylation of both the insulin 
receptors and insulin receptor substrate 1 (Hotamisligil, 1999; Hotamisligil et al., 1994), 
thus interfering with signalling of insulin. Other molecules which have been implicated are 
leptin (Hotamisligil, 1999), IGF-1 (Blanchard et al., 2004), while interleukin 1 (IL-1), IL-6 
and interferon are reported to affect glucose homeostasis in various tissues (Hotamisligil et 
al., 1993). Besides acting on insulin receptors, these cytokines also affect the hypothalamic 
pituitary axis (Johnson et al., 1997) suggesting an integrated neuroimmune system. In vitro 
studies showed that when fat cells are exposed to TNF-α they become insulin resistant 
(Pallares-Trujillo et al., 2000) and TNF-α protein expression has been found to be high in 
adipose tissue (Lavigne et al., 2001). Coincidentally, it is the adipose tissue which is 
involved in insulin resistance (Blouet et al., 2006). However, there may be differences as to 
which of the tissues, muscle or fat tissues, has a prominent role in insulin resistance in 
ruminants as compared to humans. Pregnancy causes a decrease in glucose uptake in both 
muscle and adipose tissue in sheep (Petterson et al., 1993). Taken together, the inhibitory 
actions of cytokines on hormones, (i.e. IGF-1, growth hormone, (GH), and insulin) during 
infection in relation to their normal interaction with hormones, suggest that such events are 
likely to be major causes of GH resistance and reduction in growth of children and animals 
during inflammatory states (Kelley et al., 2007). 
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 The implication of leptin in insulin resistance (Hotamisligil, 1999) is interesting. Since 
leptin is produced by adipose tissue and its level in plasma indicates energy status 
(Delavaud et al., 2007) it would appear that conditions that promote partitioning of 
nutrients during the peri-parturient period would create insulin resistance and that leptin 
may be a participant. Its link to the immune system through up-regulating secretion of pro-
inflammatory cytokines such as TNF-α, IL-6 and IL-12 in macrophages (Matarese et al., 
2007) means that cytokine-mediated insulin resistance may be initiated by a 
hyperleptinemic status of the animal. In a review article, Altmann and Von Borell (2007) 
concluded that plasma leptin reflects overall fatness, which includes visceral fat depots 
(there are higher correlations between plasma leptin and visceral fat than between plasma 
leptin and carcass fat (Altmann et al., 2005)). Therefore, the use of leptin as a selection tool 
in breeding programs appears limited due the fact that visceral fat is less important for the 
meat industry. However, the site of leptin production may be important for immune 
function when viewed against the recent findings of de Oliveira et al. (2009) that the action 
of insulin is down-regulated during intestinal inflammatory response in mesenteric adipose 
tissue. Leptin is also produced by the gastric mucosa (Pico et al., 2003). The increase in 
leptin concentration during pregnancy (Ehrhardt et al., 2001) appears to be counter-
intuitive to its normal role as a satiety factor (Hill, 2004) and the fact that it is only females 
that are susceptible to autoimmunity and their relative hyperleptinemic nature may be a 
link to the rise in FEC during the peri-parturient period in the ewe. However, Bonnet et al. 
(2005) reported a decrease in leptin in goats, 130 days before kidding, while a study by 
Muhlhausler et al. (2002) indicated that as maternal leptin was reduced in control 
compared to well-fed ewes at late pregnancy, foetal leptin concentration was unaffected. 
When viewed against the homeorhetic theory (Friggens and Newbold, 2007), foetal–
derived leptin may be influencing maternal metabolism to change the dynamics of glucose 
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utilization towards preferential use by the foetus rather than to re-build maternal stores 
through the actions of insulin, particularly where maternal nutrition is limiting and 
maternal leptin is reduced (Hill, 2004). While it has been demonstrated that insulin 
regulates plasma leptin in dairy cows by stimulating adipose tissue receptors during late 
pregnancy (Leury et al., 2003), insulin-leptin setting in the ewe during pregnancy may be 
different. Ehrhardt et al., (2001) reported an increase in plasma leptin during pregnancy, 
which did not require adiposity or energy balance and was also unrelated to insulin action 
on glucose. The link between body tissue mobilisation and breakdown of immunity in 
nematode-infected ewes (Houdijk et al., 2001a) may also be the factor participating in 
hormonal resistance during infection, particularly insulin resistance. 
 
The underlying mechanisms resulting in overcoming the breakdown of immunity during 
the peri-parturient period through increased dietary and mobilised MP have not been 
investigated. Specific amino acids have been implicated, but which amino acids and how 
much of these amino acids still remains unclear. Hormonal involvement and its interaction 
with the pro-inflammatory response in marshalling nutrient partitioning during the peri-
parturient period seems an attractive hypothesis for the low partial priority for MP for 
immune function relative to pregnancy and lactation. The work reported in Chapter 5 and 6 
of this thesis attempts to contribute new insights in this area. 
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CHAPTER 3 
HIGHLY DEGRADABLE CRUDE PROTEIN IN SPRING DURING 
MATING DOES NOT IMPAIR REPRODUCTION IN DAIRY COWS 
3.1. Introduction 
Ammonia and urea have been found to affect embryo development both in vitro 
(Thompson, 2000) and in vivo in sheep (McEvoy et al., 1997). High concentrations of 
ammonia were measured from reproductive fluids of dairy cattle with high plasma urea 
(Hammon et al., 2005). Cows with high plasma urea concentration had low uterine pH 
during the luteal phase (Elrod and Butler, 1993; Elrod et al., 1993) and reduced fertility 
(Elrod and Butler, 1993). Embryos exposed to ammonia may be predisposed not just to 
degeneration and death but occasionally instead may appear physically normal (McEvoy et 
al., 1997) with abnormalities become evident later during development. It appears that 
damage to the integrity of the embryo occurs around the pre-implantation period, between 
conception and 7 days of pregnancy (Rhoads et al., 2006). Some studies have reported this 
critical time to be 17 days after ovulation (Dawuda et al., 2004), on the day of insemination 
(Dawuda et al., 2002) or as early as day 3 post-insemination (McEvoy et al., 1997).  
 
When mating of cows occurs on spring pasture it may be expected that animals would be 
affected by ammonia in a similar way to cows when fed total mixed ration containing high 
amounts of highly degraded protein (Kenny et al., 2001; Laven et al., 2002; McEvoy et al., 
1997; Robinson et al., 2006; Wittwer et al., 1999).This period represents the first flush of 
new pasture growth that can contain very high levels of quickly degradable protein 
(Dawuda et al., 2004). A few studies on pasture-based feeding have observed high plasma 
ammonia concentrations in dairy cows (Kenny et al., 2001; Laven et al., 2002).  However, 
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these studies were inconclusive while those of Wittwer et al. (1999) associated high milk 
urea concentrations with reduced fertility in grazing cows. Pasture in NZ contain high 
crude protein concentrations (Chaves et al. 2002; Moller et al., 1993). Studies conducted in 
NZ have shown that, indeed, cows grazing spring pasture have high blood urea 
concentrations (Auldist and Prosser, 1998; Kolver and Macmillan, 1993, 1994; Moller et 
al., 1993) or high milk urea concentrations (Kolver and Macmillan, 1993). Urea values of 
5.1-8.2 mmol/l reported in these studies are similar to or higher than the minimum plasma 
urea concentration of 5.1 mmol/l reported by McEvoy et al. (1997) to be detrimental to 
embryo development in sheep. However, only one study by Moller et al. (1993) found an 
association between blood urea concentration and fertility, and higher urea concentrations 
were evident in herds with large numbers of anoestrous cows.  
 
The present study was set up to determine if dairy cows grazing spring pasture during 
mating are exposed to high blood urea concentration and therefore at risk. The second 
objective was to determine whether high blood urea concentration was a constant feature in 
individual animals and assess any association with cow reproductive performance.  
 
3.2. Material and methods 
3.2.1 Animal Management 
Dairy cows used in this study were part of the Lincoln University commercial herd which 
had close to 650 milking cows. The management of the herd during the experiment period 
followed the routine commercial management. Cows rotationally grazed 22 paddocks of 
irrigated ryegrass/clover pastures to provide for an intake of 17 DM kg/cow/d. Pasture 
biomass was determined by visual assessment every Tuesday of the week after initial 
measurements using a rising plate meter. An experienced operator (Farm Manager) 
visually assessed herbage production after been calibrated to herbage mass by the rising 
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plate meter. Walking across the paddock the operator selected an area that represented the 
average dry matter and quality of the paddock and by comparing herbage height, density, 
growth stage, dry matter concentration and canopy structure with previous experience, the 
operator estimated production to within 1 cm of the soil surface. Breeding was done using 
AI but in the later part of the breeding programme, bulls were introduced to mate cows that 
did not conceive within the 9-week breeding period. Sensitivity of heat detection was 
increased by placing tail paint on the tail-head of each cow. 
 
3.2.2 Blood sampling and urea analysis 
Blood samples were obtained through the tail vein from a random sample of about 200 
cows once per week during the six-week breeding period giving 1189 samples from a total 
of 528 cows. Blood (5ml) was collected from the tail vein into EDTA coated tubes (15% 
tripotassium EDTA; Becton Dickinson Vacutainer Systems, Plymouth, UK) at 1500 h 
during milking t. Blood tubes were immediately placed on ice and taken to the laboratory, 
where plasma was harvested by spinning at 3000 rpm for 10 min at 4oC (Mistral 3000, 
England). Plasma was placed into two 5 ml plug-top test tubes (Biolab, Christchurch, New 
Zealand) and these were labeled and stored at -20oC pending urea analysis. During the day 
of the analysis the samples were placed on a bench and left to thaw and a subsample 
aliquot transferred into sample cups (# 1027 115; Roche Diagnostics, GmbH, D-68298, 
Mannheim, Germany). Plasma urea concentration was determined on a Cobas Mira Plus 
autoanalyser (Roche Diagnostics, Switzerland) using kit #11489364 (Roche Diagnostics, 
GmbH, D-68298, Mannheim, Germany). The method is based on hydrolyzing urea with 
urease and the resulting ammonia converted to L-glutamate. The accompanied oxidation of 
NADH to NAD+ is then measured by kinetic UV at absorbance of 340nm. The sensitivity 
of the urea assay was 5.0 mg/dl. 
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 3.2.3 Pasture sampling 
The morning prior to the time of blood sampling (afternoon milking), herbage was hand-
plucked from the grazing horizon (about 5cm above ground level) along a zigzag transect 
through the paddock. Three plucks were obtained from approximately 5-6 sites at each 
paddock break to estimate the nutritive value of the grazed portion of the canopy. The 
samples were thoroughly mixed. The samples were freeze-dried, ground and then analysed 
for composition using near infrared spectroscopy (NIR Systems Model 5000, Foss, 
Hillerod, Denmark). Pasture spectra and reference data derived local samples were used to 
calibrate and cross validate equations (Software; Win ISI III Version 1.50) for predicting 
the various parameters. 
  
3.2.4 Reproduction data collection 
Lincoln University Farm (LUDF MINDA) data was used to retrieve dates when cows were 
inseminated, calved, previous calving records and outcome of pregnancy diagnosis (PD). 
Mating started on 19/10/2005 and ended on 21/12/2005. Blood sampling started on 
03/11/2005 and ended on 07/12/2005. Because blood sampling dates did not coincide with 
artificial insemination (AI) dates for some animals, only those whose sampling dates fell 
within ± 10 days of AI date were included in the analysis (n = 211; Experimental group). 
Ultrasonography data after 21, 42, 63 84, 105 133 and 168 days relative to start of mating 
were used to determine pregnancy rates. In some cases PD data was missing and hence 
sample number was reduced. Ideally an efficient mating policy should be targeting three 
cycles, however, there were some cows that went on to a fourth cycle and bulls were put in 
from 23/12/2005 to 3/02/2006 to mate these cows. Successive calving dates were used to 
calculate calving interval (CI) and calving rates (CR). Calving to re-conception interval 
(CCI) was calculated as days between previous calving in 2005 and current conception. 
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Submission rate (SR) was the proportion of cows detected in oestrus and inseminated 
within the first 3 weeks of the start of breeding season. Non-return rate (NRR) was defined 
as the proportion of cows that were not submitted again for mating after the second oestrus. 
It was observed that some cows did not calve at the expected calving dates, indicating that 
the recorded AI date was not the ones that resulted in pregnancy. These animals had 300 or 
more days gestation and were assumed to have been served by the bull (n= 17). These 
animals were not included when analyzing for calving to re-conception interval and 
gestation period. During the sampling period one milk test was done 11 days (30/10/2005) 
after the start of the breeding period and milk data was retrieved from LUDF MINDA 
records. 
 
3.2.5 Data handling and statistical analysis 
Data were captured and processed with Microsoft Excel 2002. Before creating different 
datasets, individual cow number was verified against its unique identity number and its 
presence at each activity. Data handling also included identification of anomalies such as 
duplicate records, incomplete records as well as creating specific milk production and 
reproductive variables. Urea status and milk production categories were taken to be 
independent variables and were used to create biological groups. For instance, cows with 
high plasma urea (HPU) or low plasma urea (LPU) were defined as cows with plasma urea 
concentrations of ≥ 44.9 mg/dl or < 44.9 mg/dl respectively. Plasma urea concentration 
was further divided into 4 categories of increments of 4.9 mg/dl and this was used for a 
likelihood ratio test. Lactating cows (n = 200) were also categorized into high milk 
producers (HMP) or low milk producers (LPM) relative to an average daily yield of 26.6 
l/d.  
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Seven pregnancy rate variables; pregnancy rate after 3 weeks (PR3), cumulative pregnancy 
rate after 6 weeks (CPR6), after 9 weeks (CPR9), after 12 weeks (CPR12), after 15 weeks 
(CPR15) after 19 weeks (CPR19) and after 24 weeks of mating (PR24) were created using 
ultrasonography data and were tested against urea status (HPU and LPU) using Chi-square 
(proportions) analysis (SAS, 1999). Expected values were calculated as follows; 
P = Total number in HPU or LPU/ total number of observations  [1] 
EV = Total number of animal that become pregnant x P   [2] 
Where; P is the proportion of animals with HPU or LPU 
and EV is expected values  
 
Submission rate (SR), non-return rate (NRR) and CR were similarly tested against urea 
status and milk production (HMP and LMP). The effects of plasma urea status and milk 
category on interval variables; calving to first service (ICFS), calving to conception (CCI), 
gestation, CI and first to second service (IFSS) were analysed by a general linear models 
(GLM) procedures (SAS, 1999).  Effects of plasma urea status and milk category on 
plasma urea concentrations, number of services, milk yield, milk fat, milk protein and milk 
solids and were analysed by GLM as above. Previous calving date was used as a co-variate 
during statistical analysis for milk yield and milk components. Interactions between urea 
status and milk category was also investigated. Correlations between milk data and 
reproductive indexes were estimated. A regression relationship was established between 
milk yield with CCI and ICFS. To test whether high-plasma urea concentration was a 
common feature of individual cows grazing high-quality pasture, repeatability and 
reproducibility of urea concentration was obtained from restricted maximum likelihood 
(REML) estimation of variation components (Dal Zotto et al., 2008) using SAS (2002-
2003) linear model.  
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Four category of urea status (incremental ranges of 4.9 mg/dl) were used to calculate 
likelihood ratio (LR) according to (Ferguson et al., 1993). Briefly, for each plasma 
category the number of cases was divided by the total pregnant or non-pregnant case, 
respectively. Then the likelihood ratio was attained by dividing percentage of cows 
pregnant by percentage of non-pregnant cows. A likelihood ratio of >1 implies an 
increased likelihood of pregnancy and that of <1 implies an inverse association. This test 
was chosen because over ranges of underlying pregnancy rates (PR) that may be observed 
in cows, likelihood ratios can be calculated to express changes in PR as plasma urea (PU) 
increases or decreases (Ferguson et al., 1993). Only information for the first service in each 
cow was used to avoid confounding effects of repeated measures and repeat breeding 
(Butler et al., 1996).  
 
This experiment was carried out under the authority of Lincoln University Animal Ethics 
Committee (AEC) # 112.  
 
3.3. Results 
Chemical composition of the pasture clippings as cows rotated around the grazing 
paddocks from week 1 to 5 is shown in Table 3.1. Pasture clipping show an average CP 
(crude protein) of 223 g/kg DM. The ratio crude protein:water soluble carbohydrate 
(CP:WSC) was lower than 2.0. The average dry matter digestibility of pasture clippings 
was 798 g/kg DM.  Distribution curves of plasma urea concentrations for all the samplings 
and subsequent subsets are shown in Figure 3.1. All the distributions had a similar average 
plasma urea concentration and standard deviation, (mean ± sd); A = 46.2 ± 9.51, B = 44.9 
± 7.74 and C = 45.7 ± 7.67 mg/dl.  
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Table 3 1: Chemical composition (g/kg DM) and ME (MJ/kg DM) of ryegrass-clover 
pasture samples from different paddocks 
Paddock OM* CP WSC NDF ADF DMD CP:WSC ME 
1 877 217 163 407 229 807 1.3 11.7 
2 880 230 121 431 236 793 1.9 11.6 
3 914 170 196 468 256 735 0.9 11.2 
4 889 225 184 386 213 807 1.2 11.9 
5 900 273 150 366 192 848 1.8 12.6 
Average 892 223 162.8 411.6 225 798 1.4 11.8 
* OM, Organic Matter; CP, Crude Protein; WSC, Water Soluble Carbohydrates; NDF, Neutral Detergent 
Fibre; ADF, Acid Detergent Fibre; DMD, Dry matter Digestibility; ME, Metabolisable Energy 
 
Reproductive performance of the whole herd and the experimental herd is shown in Table 
3.2. Reproductive performance of the sample cows was similar to that of the whole herd 
(Table 3.2) indicating that the sample was representative of the herd. 
Reproductive parameters of the experimental herd after cows were designated as high 
plasma urea (HPU) or low plasma urea (LPU) are show in Table 3.3.  
 
Cows with high plasma urea concentration (HPU) had blood urea concentration of 50.8 
compared to 38.5 mg/dl of LPU cows. There was a tendency for more (P = 0.09) animals 
in the HPU group than LPU not to return to oestrus. Cumulative pregnancy rate (Figure 
3.2) shows that HPU and LPU had similar performance except at week 6 after the start of 
mating when more (P < 0.01) HPU were pregnant than LPU cows. Calving to conception 
interval, CI and ICFS were similar (P > 0.05) between HPU and LPU cows (Table 3.3). 
Gestation, CR, milk yield and milk components were also similar (P > 0.05) between the 
LPU and HPU cows. There was no difference (P > 0.05) in plasma urea between high 
(HMP) and low milk producers (LMP). 
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 Figure 3 1: Distributions of plasma urea concentration of all the samples [A] taken during 
the 6 weeks of sampling, a subsample of cows sampled ±10 days relative to AI [B] and 
cows with more than one calving (older cows) [C].
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Table 3 2: Comparison of some reproductive parameters between the Experimental and 
the Whole-Herd cows grazing high protein rye-clover pasture during spring-mating season 
Parameter Experimental cows  Whole Herd 
 Sample size Value  Sample size Value 
Submission rate (%)1 211 81.0  627 85.2 
PR at 3 wks (%) 174 56.9  540 51.4 
CPR6 (%)2 208 71.6  636 71.9 
CPR9 (%) 201 76.6  623 76.3 
CPR12 (%) 206 82.5  639 85 
CPR15 (%) 209 89.5  646 89.9 
CPR19 (%) 193 92.8  609 92.1 
CPR24 (%) 168 99.4  520 99.6 
Calving rate (%) 136 100.0  - - 
1Submission rate = Cows detected in oestrus and inseminated within the first 3 weeks of start of breeding 
season; PR = Pregnancy rate; 2CPR = Cumulative pregnancy rate 
 
Calving to conception interval, ICFS and CI (P < 0.001) were longer while SI (P < 0.001) 
and NRR (P < 0.05) were higher in LMP than HMP cows. The number of services, IFSS, 
gestation interval and CR were not different (P > 0.05) between HMP and LMP cows 
(Table 3.3). Milk fat and protein were high (P < 0.001) in LMP than HMP cows. 
 
No correlation was found between plasma urea and reproductive indexes or between 
plasma urea and milk production, neither was any association observed. Milk production 
data was highly and negatively correlated to CCI, ICFS and CI (Table 3.4). Though the 
regression analysis of milk yield with CCI and ICFS results were significant (P < 0.001; 
Equation 2 and 3) milk yield only explain 9 and 21% of the variance, respectively.  
CCI = 139.4 – 1.61MY (R2 = 0.09)  [2] 
ICFS = 118.7 – 1.51MY (R2 = 0.21) [3] 
where MY = milk yield. 
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Table 3 3: Reproductive parameters and milk production of spring-mated dairy cows 
grazing high-protein pasture and grouped as either having high (HPU) and or low plasma 
urea (LPU) and as high or low milk producers. 
 Urea  Milk 
Parameter n HPU LPU SL10  n HMP LMP SL 
Reproductive parameters 
PU (mg/dl)1 211 50.8±1.1 38.5±1.1 ***  200 45.6±0.6 44.8±0.5 NS 
SR (%)2 211 85.0 77.5 NS  134 71.9 94.3 *** 
Services3 211 1.5±0.1 1.6±0.1 NS  136 1.6±0.05 1.7±0.05 NS 
NRR (%)4 211 53.0 41.4 0.09  136 52.3 64.8 * 
CCI (d)5 137 86.1±1.8 87.8±1.9 NS  136 79.8±2.8 92.7±2.6 *** 
IFSS (d)6 92 23.9±1.3 22.6±1.1 NS  55 20.8±1.6 22.2±1.8 NS 
Gestation (d) 136 282.9±3.
2 
278.5±3.3 NS  136 281.0±1.7 283.3±1.7 NS 
CI (d)7 137 368.4±2.
0 
370.0±2.2 NS  136 360.8±3.1 376.0±3.0 *** 
ICFS (d)8  137 78.0±1.0 79.2±1.1 NS  136 69.9±2.4 85.6±2.2 *** 
CR (%)9 136 100 100 NS  136 100 100 NS 
Milk Production 
Milk yield 
(l/d) 
200 27.1±0.4 26.7±0.4 NS  136 31.6±0.5 21.2±0.4 *** 
Fat (%) 200 4.5±0.08 4.4±0.08 NS  136 4.3±0.1 4.7±0.08 *** 
Protein (%) 200 3.5±0.03 3.5±0.03 NS  136 3.4±0.03 3.6±0.02 *** 
Solids (kg) 200 2.1±0.04 2.1±0.03 NS  136 2.4±0.04 1.8±0.03 *** 
1PU = Plasma urea; 2SR = Submission rate; 3No of services = includes natural breeding; 4NRR = Non-return 
rate; 5CCI = Calving to Conception Interval; 6IFSS = Interval between first and second service; 7CI = Calving 
Interval; 8ICFS = Interval between calving and first service; 9CR = Calving rate; 10SL = Significant level 
 
Correlation coefficienct between plasma urea concentration and reproductive indicators 
and between plasma urea and milk parameters were small and not significant (Table 3.4). 
CCI, ICFS and CI were negatively (P < 0.001) correlated with milk yield and milk solids 
(Table 3.4). 
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Table 3 4: Correlations of milk parameters and plasma urea concentrations of spring-
mated dairy cows grazing high protein pastured with reproductive indexes 
Parameter CCI ICFS CI IFSS Plasma urea 
Plasma urea 0.08 NS 0.08 NS 0.08 NS 0.04 NS  
Milk yield (l/cow) -0.31*** -0.46*** -0.36*** -0.02 NS 0.04 NS 
Milk fat (%) 0.05 NS 0.07 NS 0.09 NS -0.03 NS -0.02 NS 
Milk protein (%) 0.12 NS 0.23** 0.17* -0.15 NS 0.05 NS 
Milk solids (kg/d) -0.29*** -0.45*** -0.34*** -0.04 NS 0.004 NS 
Significance level: NS = P > 0.05; * = P < 0.01; ** = P < 0.01; *** = P < 0.001 
 
Repeatability coefficient (r) was 0.21 and reproducibility coefficient (R) was 0.55.  
 
Concentrations of plasma urea ranged from 26.6 to 64.4 mg/dl. The pregnancy rate 
probability pattern did not follow any logical trend. It started at 55.3% for cows with 
plasma urea of ≤39.9 mg/dl, was 48.9% for those cows within a class of 40-44.9 mg/dl, but 
was 64.4% for those with a class of 45-49.9 mg/dl and 59.1% for those cows with plasma 
urea class equal or more than 50 mg/dl (Table 3.5). Table 3.5 also shows that as plasma 
urea increased between cows, the likelihood of pregnancy also increased, but at plasma 
category 40-44.9% the likelihood ratio was at its lowest at 0.73. 
 
Table 3 5: Descriptive characteristics and likelihood ratios for multiple categories of 
plasma urea of cows diagnosed as pregnant or open, 3 weeks after the start of mating 
PU 
category1  
 (n) Plasma urea   Pregnancy 
rate  
 Percentage of non-
pregnant and pregnant 
cows in PU category3 
mg/dl  mg/dl2  %  Non-pregnant Pregnant 
Likelihood 
ratio4 
≤39.9 38 36.4±0.98c  55.3  22.8 21.2 0.93 
40-44.9 47 44.1±0.96b  48.9  32.0 23.2 0.73 
45-49.9 45 46.3±0.87b  64.4  21.3 29.3 1.37 
≥50 44 53.4±0.97a  59.1  24.0 26.3 1.09 
1PU = Plasma urea; 2Different superscripts within a column are different at (P < 0.05); 3Percentage represents 
the number of cases in each PU category divided by the total pregnant or non-pregnant cases. 
4Percentage of cows pregnant divided by the percentage of cows not pregnant 
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Figure 3 2: Cumulative pregnancy rate of HPU and LPU cows 3 to 24 weeks after start of 
breeding 
 
3.4. Discussion 
Results of the present study seem to indicate that high circulating plasma urea is not 
associated with reduced reproductive performance in this herd. However, repeatability of 
urea concentration measure was low. This may be expected since the number of urea 
concentration measurements per individual were low therefore decreasing accuracy 
associated with each measurement. Also if there was selective grazing but some cows, 
which represent environmental influence on repeatability, it may be expected that 
repeatability would be low, but then, because the interval between observation was short (7 
days), this could lead to high repeatability since cows would have been in the same 
physiological state. Reproducibility as a measure of variation over the 6 week sampling 
 41
period was average. Despite high plasma urea concentrations, reproductive performance of 
the animals in the current study was similar to that of those reviewed by McDougall  
(2006) for dairy cows under pasture-based systems in Australia and New Zealand. Buckely 
et al. (2003) found a submission rate of 81% under Irish pasture-feeding systems, however 
pregnancy rates of 3 weeks and 6 weeks of mating were lower than those found in the 
present study. Lack of difference in submission rates between HPU and LPU contradicts 
observations made by Westwood et al. (2002) who found that cows with higher 
concentrations of urea were less likely to show oestrus. There was no difference in number 
of services between HPU and LPU groups, consistent with a recent study by Ordonez et al. 
(2007) where the number of services per pregnancy of cows grazing fertilised pasture and 
those on unfertilised pasture were similar (1.3 vs 1.2). In contrast, reproductive 
performance in dairy cows in USA showed an increase in service per conception from 1.8 
to 3 (Washburn et al., 2002) which was attributable to genetic improvement and modern 
management practices that were accompanied by increased milk production. In the present 
study there was no difference between HPU and LPU in all reproductive parameters except 
for NRR which tended to high (53.0 vs 41.4%; P = 0.09), and PR at 6 weeks of mating (P 
< 0.05) when HPU cows showed a superior performance (80.0 vs 63.89% in PR) compared 
to LPU. In general, the lack of an effect was contrary to what was expected because based 
on the literature a decline in dairy cow fertility has been association with higher plasma 
urea concentrations.  
 
Regardless of high plasma urea concentrations in the present study, there was no evidence 
of impairment in reproductive performance. For instance, HPU cows had an average 
plasma urea concentration of 50.8 mg/dl, much higher than the value suggested by 
Ferguson et al. (1993). In addition other studies have indicated that lower plasma urea 
concentrations than those value observed for HPU (50.8 mg/dl) and similar to those of 
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LPU cows (38.5 mg/dl), were associated with decreased conception rate (Canfield et al., 
1990), decreased pregnancy rate (Butler et al., 1996; Rhoads et al., 2006) and lowered 
uterine pH at day 7 of oestrus (Elrod et al., 1993). The current study however corroborates 
that of Ordonez et al. (2007) and Kenny et al. (2001) which contradict the above 
mentioned studies. The difference between the studies of Canfield et al. (1990) and Bulter 
et al. (1996), and those of Ordonez et al. (2007), Kenny et al. (2001) and the current study 
is that the high blood urea concentration in the latter studies occurred after cows consumed 
high protein pasture while in the former, blood urea concentration was generated by 
feeding a highly degradable total mixed rations (TMR). Later Kenny et al. (2002) caused 
an elevation of plasma urea concentration in dairy cows by venous infusion of urea to 
achieve a concentration of 86.9 mg/dl in oviductal fluid but did not observe any change in 
oviductal composition except for calcium concentration, which decreased. After adding 
250 g per cow/day of urea to an isoenergetic and isoproteinous TMR diet of dairy cows in 
early lactation, Dawuda et al. (2004) and Laven et al. (2004) did not find any impairment 
of reproduction, in the function of the corpus luteum, in follicular development or in 
embryo growth. According to Dawuda et al.2004; 2002 the deleterious effects of urea 
nitrogen on the embryo occur at the time of insemination. In the present study, despite the 
HPU cows having comparable plasma urea concentration to that observed by Dawuda et al. 
(2002) (50.8 vs 54.2mg/dl) around insemination, no effects were observed. The suggestion 
that cows can adjust to the harmful effects of urea (Dawuda et al., 2004; Dawuda et al., 
2002; Laven et al., 2004) has recently been reiterated by Ordonez et al. (2007). This may 
suggest that both HPU and LPU cows were affected to the same extent (Ordonez et al., 
2007; Young et al., 1998). This stems from a background of hypothesis that, culture 
system-derived ammonia (Sinclair et al., 1999; Young et al., 1998) or ruminally derived 
ammonia (McEvoy et al., 1997) may not just lead to degeneration and death, but to a 
normally looking offspring with more subtle developmental disorders which might 
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impinge on postnatal growth and longevity (McEvoy et al., 1997; Sinclair et al., 1999; 
Young et al., 1998). If dairy cows consuming high protein pasture-based diets, such as in 
the present study, are able to tolerate high blood urea concentrations, it would be 
interesting to know how this adaptation is manifested. 
 
Attwood et al. (1998) observed that forage-grazing sheep, deer and dairy cows harbour -
ammonia hyper-producing bacteria due to the presence of high protein and low soluble 
carbohydrate concentrations in NZ pasture. The semi-continuous nature of grazing may 
have produced conditions that allow cows to adapt to high blood urea concentration. Part 
of this adaptation may have been partly achieved in the rumen itself, as has been alluded to 
in the case of sheep by Abdoun et al. (2003). Using isolated ruminal epithelium of sheep, 
these authors found that diet altered the function of the rumen epithelium, modulating the 
effect of ammonia on Na+ transport. Having grazed high-protein pastures for a long time, it 
may be expected that the rumen and tissues of dairy cows are adapted to high rumen 
ammonia. Abdoun et al. (2003) found that Na+ transport was enhanced in concentrate- and 
urea-fed animals, but not in maize-starch-fed sheep, suggesting minor effects of energy 
intake on adaptation and hints of an effect of ammonia. Probably such an adaptative 
mechanism by the rumen epithelium may also be a feature in maintaining homeorhesis by 
the embryo within a high ammonia or urea uterine milieu. Ammonia and urea from utero-
oviductal fluid were found to be higher for ewes fed a high urea diet (Madibela et al., 
1995; McEvoy et al., 1997). The presence of urea or/and ammonia in the uterus may 
disrupt functions of the uterus through alteration of the ionic composition of the uterine 
and consequently its pH (Elrod and Butler, 1993; Elrod et al., 1993). Lane and Bavister 
(1998) reported that the 2-cell hamster embryo uses the Na+/H+ antiport to regulate pH. It 
could be speculated that probably the ruminant embryo exposed to high concentrations of 
ammonia may be using the same mechanism in the same way as is the case with rumen 
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epithelium. The integrity of osmo-regularity by ammonia and/or urea-challenged embryo 
may be maintained by improved metabolism of amino acids such as glycine which have 
been found by van Winkle Lon et al. (1990) to protect the pre-implantation mouse embryo 
by acting as an intercellular osmolite. Besides adaptation by dairy cows to high ammonia 
from high-protein pastures, Tamminga (2006) recently suggested that polyunsaturated fatty 
acids (PUFA) in fresh grass may be beneficial to the rumen environment by counteracting 
the negative effects of high rumen degradable protein.  
 
Adaptation to high circulating urea concentrations mentioned above may have been further 
strengthened by farmers’ selection through culling animals that do not conceive during the 
mating season. Royal et al. (2000) reported that decline in pregnancy rate was associated 
with the lengthening of the average calving interval in dairy cows in the UK. Cows with a 
long calving interval and those calving late, fail to make use of available food early in the 
season in a seasonal production system like those in NZ (Haile-Mariam et al., 2003). 
Another important goal in pasture-based feeding, besides efficient use of pasture, is to 
manage the herd reproductive performance to achieve a compact calving interval of 365 
days (Harris and Kolver, 2001; McDougall, 2006; Verkerk, 2003) and this can be realized 
by culling cows that fail to conceive within 12-14 weeks of breeding season (McDougall, 
2006). Basically, this means that farming under pasture-based feeding systems selects for 
high reproductive performance (Harris and Kolver, 2001) as well as gains in milk 
productivity. It can be inferred from the aforementioned argument that, if high ammonia 
and/or urea as a result of consuming pasture with highly degradable protein does not affect 
reproductive performance then farmers must be indirectly selecting for cows with high 
fertility amidst conditions of high blood urea.  
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The results of Ferguson et al. (1993) give weight to this line of argument. Inferring from 
their data, these authors observed that as serum urea nitrogen (SUN) increased, the 
likelihood of conception would decrease but cows in herds with a high conception rate 
(CR) will be less affected by increasing SUN compared with low CR herds, an observation 
affirmed by the present study. The present herd is known for a high conception rate but 
cows also consume high-protein spring pasture during mating and the results from the 
present study suggest that as plasma urea increased, the likelihood for pregnancy also 
increased albeit with a very small percentage. The conclusions of Ferguson et al. (1993) 
give impetus to the suggestion that selection for high reproductive performance under a 
high crude protein environment may be the reason for lack of an effect. This relationship 
could explain why there is contradiction in the literature about the effects of urea on 
reproduction since cows with low fertility would be adversely affected while those with 
high reproductive performance would be minimally affected. Alternatively, the high 
culling pressure imposed by farmers may be creating an illusion of high performance 
because under-performing cows are continually been replaced by heifers.  
 
It has been proposed that partitioning of ingested energy and mobilization of body reserves 
by high-producing dairy cows contributes to reduced fertility (MacMillan et al., 1996). The 
present results show that HMP had lower SR and NRR than LMP cows consistent with 
other reports (Berry et al., 2003) on association of milk yield with pregnancy rate to first 
service. However, this difference was not reflected in CCI, CI and ICFS which were 
shorter for HMP cows than LMP. Lucy (2001) reports that days-open and interval to first 
service decrease for herds stratified from lowest to highest production, because in high-
producing cows, a higher level of reproductive management such as oestrus detection 
compensates for a slight decline in reproductive efficiency. In the present study, cows 
categorized either as HMP or LMP were managed as one herd and there was no differential 
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reproductive management between the two groups of cows. According to Lucy (2001) 
adoption of North American genetics into NZ herds to boost milk yield would eventually 
result in low reproductive performance due to the greater reproductive demands placed on 
dairy cattle in NZ. A report by McDougall (2006) observed that reproductive performance 
varies among production systems, with pasture based systems of Australia and NZ having 
better reproduction than has been reported from USA and Europe. Plasma urea 
concentration in HMP and LMP cows was similar, further emphasizing the hypothesis that 
cows may be adapted to high plasma urea.   
 
Cows selected for high milk production as represented by North American herds may 
reflect a change in endocrinology of the dairy cows over the years (Bousquet et al., 2004) 
making them vulnerable to high ammonia levels. Dairy cows in NZ with North American 
ancestry may perform less well than their NZ counterparts in terms of reproduction due to 
this genetic variability, a concern reiterated by Verkerk (2003). Studying feeding systems x 
genetic effects on reproduction in USA herds, Kearney et al. (2004) did not find any 
genotype x nutrition interaction on reproductive performance, suggesting that these traits 
may be under genetic influence and would still be manifested under NZ conditions if these 
genotypes are imported to NZ. Smith et al. (2001) ascribed the large variation in 
reproductive response to high-protein diets to variation in how different proportions of 
overseas genotype are present in NZ herds and how these traits influence adaptation to 
high-protein diets. Perhaps, this explains the results observed by Moller et al. (1993) who 
reported an association between urea concentration with fertility, where higher urea levels 
was evident in herds with high levels of anoestrus. 
 
Selective culling for milk yield has the potential to create an inverse relationship between 
high yield and fertility (Royal et al., 2000) and the link in that relationship has been 
suggested as negative energy balance (NEB) (MacMillan et al., 1996; Tamminga, 2006). 
 47
High-producing cows consume large amounts of energy to cope with the demands of 
production and reproduction simultaneously (Kearney et al., 2004), but the fact that cows 
with North American genetics partition more energy toward lactation at the expense of 
reproduction (Lucy, 2001), means reproduction is compromised. For instance, in Holstein 
herds, as fat-corrected milk (FCM) increases, days-open tends to increase (Washburn et al., 
2002; Westwood et al., 2002). In addition, the negative energy balance may be inherently 
associated with increase of milk yield as a consequence of mobilizing body reserves to 
meet the demand of milk production during early lactation. This period coincides with the 
time when the cow is expected to return to breeding activities. In Australia, Westwood et 
al. (2002) found that cows that lose less than 51 kg of body weight 6 weeks after the start 
of lactation were 3.7 times more likely to conceive at first service compared with herd 
mates that lost double that body weight. In NZ, Kolver et al. (2000) found that though 
North American Holstein heifers had high live weight and produced more milk, they only 
gained 5% of post-calving live weight by the end of their first lactation as compared to NZ 
heifers that gained 14% of post-calving live weight. Because NZ dairy cows are smaller in 
size and lose less body condition during early lactation, they may not encounter problems 
of negative energy balances to a similar magnitude as North American cows. 
 
Conclusion and implications 
Dairy cows grazing high-protein pasture diets have high circulating urea concentrations. 
Plasma urea concentration was consistently higher than 43 mg/dl through the sampling 
time. However, no evidence of impairment of reproductive performance was observed. It is 
concluded that a high reproductive performance index within a high crude protein 
environments may be the reason for lack of an effect. It is suggested that those animals 
observed to be susceptible to the detrimental effects of high circulating blood urea 
concentrations may be animals in overseas environment which have been selected for high 
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milk yield with little selection pressure for good reproductive performance. Alternatively, 
the high culling pressure inherent in the seasonal supply systems in NZ may be creating an 
illusion of high performance because under-performing cows are continually been replaced 
by more fertile reproductive heifers. High milk production had a negative affect on a few 
reproductive indexes probably indicating the effects of negative energy balance. 
 
 
CHAPTER 4 
HIGHLY DEGRADABLE CRUDE PROTEIN FROM AUTUMN 
PASTURE AT MATING NEITHER CAUSED EMBRYO MORTALITY 
NOR RESULTED IN OVERSIZE LAMBS 
 
4.1. Introduction  
Embryo mortality and oversize offspring may be a consequence of genetic aberration but 
according to Meyer et al. (1994) it is unclear what percentage of embryo losses is of 
genetic origin. However, high levels of ammonia in body fluids, as a consequence of 
highly degradable crude protein in sheep diets have been implicated in compromising 
embryo development (Bishonga et al., 1996). Embryos exposed to ammonia may 
degenerate (McEvoy et al., 1997) or their metabolism and growth may be enhanced 
(Berardinelli et al., 2001; McEvoy et al., 1997). Hence, embryos may be predisposed not 
just to degeneration and death but occasionally instead may appear physically normal 
(McEvoy et al., 1997) but may result in oversize lambs. Kelly (1982) reported reproductive 
wastage of 24.9% in sheep in the South Island of NZ and partitioned it into failure to 
ovulate, fertilisation failure, embryo mortality and prenatal mortality. Pastures in NZ 
contain high levels of crude protein (Chaves et al., 2002; Moller et al., 1993) and it has not 
been shown if the wastage reported by Kelly (1982) could be partly due to ammonia and/or 
urea toxicity from highly degradable crude protein in autumn pasture. After evaluating 
relationships between reproductive traits and environmental cues, Kleemann and Walker    
(Kleemann and Walker, 2005b) concluded that nutritional cues play a major part in 
reproductive traits in sheep in South Australia and in particular advocated further research 
into possible peri-conceptional dietary factors controlling embryo loss emanating from 
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partial failure of twin ovulations. Therefore, the aim of the present study was to determine 
plasma urea concentrations in ewes grazing high-protein autumn pasture during mating and 
to determine their possible effects on ovulation rate and conception, embryo survival, and 
birth weight of their lambs by comparison with ewes mated under conditions designed to 
provide a lower plasma urea environment.  
 
The study was carried at Ashley Dene Farm of Lincoln University and was conducted 
under the guidelines of Lincoln University Animal Ethics Committee (Authority # 124). 
 
4.2. Materials and methods  
4.2.1 Animal and feeding management 
Four hundred and fifty-four mature, non-pregnant Coopworth ewes were adapted by 
feeding hay and barley grain for nine days. The grain was initially offered at 100 
g/ewe/day and then increased stepwise by 50 g/ewe until they were consuming 250 
g/ewe/day on day 5 and held at this rate until day 9 after which was again increased to 300 
g/ewe/day on day 10. The ewes were blocked by weight, body condition and previous 
prolificacy (high, HP vs. low twinning frequency, LP) into two groups. The groups were 
then randomly allocated to diets designed to provide high (high-protein pasture, HPP; n = 
227) or low (very short pasture supplemented with barley/hay diet, BH; n = 227) dietary 
protein. Mean body weight and body condition score (BCS) were 61.0 ± 0.5 kg and BCS = 
2.7 ± 0.03, and 60.9 ± 0.5 kg and BCS = 2.7 ± 0.03 for HPP and BH, respectively. Pasture 
was a sward of ryegrass (Lolium perenne)/and red clover (Trifolium pratense) and HPP 
were allocated a weekly strip of pasture behind electric fences to supply an estimated 1 kg 
dry matter (DM)/day. BH ewes were given 300 g of barley grain and 700 g of hay in 
addition to grazing of very short pasture. Weekly DM allowance of HHP was monitored by 
pasture clipping before and after grazing using quadrat. A 0.2 m2 quadrat was thrown at 
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stratified way within the strip to be grazed into areas of high-, medium- and low-growth 
patches and all the biomass inside the quadrat was cut to 2.5 cm ground level. DM (kg/ha) 
obtained was averaged and used to adjust allowance based on number of animals in the 
paddock. It was assumed that very short pasture in paddock where BH ewes were kept 
would not contribute any significant amount into DM intake hence pasture intake was not 
estimated. A representative sample was taken to the laboratory for analysis of chemical 
composition. Samples of pasture, grain and hay were dried, ground and then analysed for 
OM, CP, NDF, ADF, DMD and ME using near infrared spectroscopy (NIR). 
 
4.2.2 Mating and ovarian examination 
Four harnessed entire rams were introduced to each group on the same day the diets 
commenced. Ewes were mustered at 7 day intervals during a period of 17 days and marked 
ewes were drafted off, denied food and water for 24 h and subjected to laparoscopic 
examination of their ovaries. Ewes were sedated with an intramuscular injection of 1 ml 
acepromazine maleate (ACEZINE 10; Acepromazine Maleate 13.5 mg; Delvet Pty Ltd, 
NSW, Australia). Ovaries were examined according to Mckelvey et al. (1986). Briefly, 
following the clipping of wool from the abdominal wall anterior to the udder, the ewes 
were suspended head down in a laparoscopy cradle at an angle of 45o to the horizontal. 
One ml of local anaesthetic (2 % lignocaine hydrochloride; Lopaine, Ethical Agents Ltd, 
Auckland, New Zealand) was used around the abdominal site where the incision was to be 
made. Two stab incisions were made about 2 cm on either side of the midline about 10 cm 
anterior to the udder to permit entry of an endoscope and a pair of laparoscopy grasping 
forceps. After insufflation of the abdominal cavity with carbon dioxide, both ovaries were 
located and corpora lutea counted (≈ estimate of ovulation rate; OR). 
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Examined ewes were removed from the experimental mob and were put on routine 
maintenance grazing. At approximately 50 days after ram introduction, the ewes were 
scanned for pregnancy status (litter size). Two blood samples were collected through a 
jugular vein into Li-heparin coated tubes (Becton Dickinson Vacutainer Systems, 
Plymouth, UK) from each ewe; one during allocation of treatment diets and a second one 
at laparoscopy. Blood tubes were immediately placed on ice and taken to the laboratory 
where plasma was harvested by spinning at 3000 rpm for 10 min at 4oC. Plasma was 
obtained by pipetting off the supernatant using a 3 ml plastic transfer pipette (Samco 
Scientific Corporation, San Fernando, USA) into a 5ml plug top test tube (Biolab, 
Christchurch, New Zealand). Plasma samples were stored at -20oC pending analysis. 
Baseline and laparoscopy urea concentrations were determined from plasma on a Cobas 
Mira Plus autoanalyser (Roche Diagnostics, Switzerland.) using kit # 11489364 (Roche 
Diagnostics, GmbH, D-68298, Mannheim, Germany). Full recording of ewes at lambing 
(birth date, litter size, birth weight, and sex and lamb survival) was made. Birth date was 
checked against laparoscopy and expected conception date to eliminate animals which 
conceived to ovulations other than those observed. Embryo loss was estimated by 
subtracting the number of foetuses at ultrasonography examination from the number of 
corpora lutea recorded at laparoscopy. Foetus loss was estimated by difference between the 
number of lambs born and number of foetuses at ultrasonography examination. Pregnancy 
rate (PR) was estimated from the proportion of ewes not marked again by rams in the 
following week. Neonatal loss was defined as lambs born dead or dying within 24 h of 
both. 
 
4.2.3 Statistical analysis 
Birth date was checked against laparoscopy and expected conception date and 131 animals 
were found to have conceived to ovulations other than those observed and were excluded 
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from the analysis. The resultant sample size, live weights and BCS at joining were BH; n = 
165, 60.5 ± 0.4 kg and 2.8 ± 0.03 and HPP; n = 158, 60.2 ± 0.4 and 2.8 ± 0.03, 
respectively. Effects of diet treatment and prolificacy on ewe parameters, plasma urea and 
birth weight were assessed using a general linear model (GLM) procedures (SAS 1999). 
Ewes, irrespective of treatment group, were categorized into high urea (HU) and low urea 
(LU) when their plasma urea concentration was higher or lower than the sample mean of 
51.5 mg urea/dL at laparoscopy and the differences between the two groups were 
examined as for diet treatments. An arbitrary definition was developed for oversize lambs 
in order to estimated proportions of embryos that may be affected between the groups. 
Lambs which weighed greater than the mean plus one standard deviation (SD) (5.0 + 1.2 
kg) were classified as oversize. The lambs were also stratified by birth-type. Lambs which 
weighed greater than the mean plus 1 SD for their litter size (5.6 + 1.1, 4.8 + 1.2 and 4.2 + 
1.2 kg for singles, twins and triplets respectively) were also classified as oversize. Analysis 
for proportions was carried out using Chi-square (SAS 1999). Reproductive wastage data 
were analysed using Proc Mixed procedure (SAS 1999); with ewe live weight as a random 
factor. Results are reported as means ± se as appropriate.  
 
4.3. Results  
4.3.1 Diet chemical analysis and estimated CP and ME intake 
Results of the chemical analysis of pasture, hay and barley grain are show shown in Table 
4.1. Based on an estimated intake of 1 kg DM of pasture for HPP and 1 kg DM of hay and 
barley for BH, ME and CP daily intakes were estimated to be 11.8 MJ ME/ewe DM and 
163 g CP/ewe for HPP and 11.4 MJ ME/ewe and 119g CP/ewe for BH. 
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4.3.1 Live weights and urea concentration 
The mean live weight, plasma urea concentrations and the proportions of oversize lambs 
are given in Tables 4.2 and 4.3. Mean live weights of ewes at laparoscopy and mean birth 
weight were not affected (P > 0.05 in all cases) by treatment, urea category or prolificacy 
(Table 4.2). The proportions of lambs categorised as oversize and their mean birth weight 
were similar (P > 0.05) between dietary treatments, between urea categories and between 
prolificacy groups. Even when lambs were discriminated by their birth-type (i.e. singles vs. 
twins vs. triplets) (Table 4.3) there was no difference (12.1 vs. 13.3%; P > 0.05) in the 
proportion of oversize lambs. Their weights were also similar (6.6 ± 0.2 vs. 6.7 ± 0.2 kg; P 
> 0.05) between BH and HPP and similar (6.6 ± 0.2 vs. 6.7 ± 0.2 kg; P > 0.05) between 
HU and LU, respectively. However, there were fewer (P < 0.05) twin lambs that were 
oversize than singles and triplets (9.3 vs. 17.8 vs. 18.2 %) and they weighed 6.8 ± 0.2, 7.3 
± 0.2 and 5.9 ± 0.4 kg, respectively, for twins, singles and triplets. In addition there was no 
(P > 0.05) difference in the mean birth weight of oversize lambs in HP and LP ewes and 
their proportions were 10.9 and 16.5 % (P = 0.086) respectively, (Table 4.3). Mean initial 
live weight of ewes was significantly and positively correlated with number of eggs shed (r 
= 0.31; P < 0.001). The correlation coefficient was again examined for ewe weight at 
laparoscopy and it was still positive and highly significant though poorer (r = 0.21; P < 
0.001). The dependence of no of eggs shed on live weight was different at weighing stages; 
being greater at the start of the trial than at laparoscopy (R2 = 0.095; P < 0.001 vs. R2 = 
0.045; P < 0.001). The distribution of plasma urea concentration at laparoscopy is shown in 
Figure 4.1. It was was slightly high at laparoscopy for HPP ewes (58.6 ± 0.1 vs. 56.1 ± 0.1 
mg/dl; P < 0.001) and as expected was higher (P < 0.001) in HU than LU (65.4 ± 1.0 vs. 
49.3 ± 0.4, P < 0.001). However, there was no (P > 0.05) difference in plasma urea due to 
prolificacy grouping. 
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 Table 4 1: Chemical composition of pasture, hay and barley (as % DM) 
Component Pasture Hay Barley grain 
Organic matter (%) 80.7 89.5 95.6 
Crude protein (%) 17.6 11.8 12.0 
Soluble CHO (%) 16.0 13.2 - 
Acid detergent fibre (%) 25.1 31.7 6.8 
Neutral detergent fibre (%) 43.3 53.5 19.0 
Digestible organic matter (%) 79.3 69.7 94.2 
Metabolisable energy (MJ/kg DM) 11.8 10.4 13.6 
 
4.3.2 Reproductive performance and wastage 
Reproductive parameters are shown in Table 4.4. Mean ovulation rate was similar (1.6 ± 
0.1 egg/ewe) for HPP and BH and between HU and LU ewes. However, as expected those 
ewes with high reproductive performance (HP) had an ovulation rate of 1.9 ± 0.1 compared 
with 1.3 ± 0.1 egg/ewe (P<0.001) for those with low reproductive performance (LP). Diet 
treatment and urea category did not affect (P > 0.05) pregnancy rate.  
Embryo loss tended (P = 0.06) to be greater in BH than HPP ewes. Urea category and 
prolificacy did not (P > 0.05) influence embryo loss.  Foetal loss, neonatal loss and total 
loss were not affected by treatment, urea category or prolificacy (P > 0.05). Eggs shed as a 
singleton tended (P = 0.08) to contribute more to embryo loss compared with multiple 
ovulations (19.3 ± 4.6 vs. 8.1 ± 3.3). More lambs from single ovulations died immediately 
after birth though the difference was not statistically significant (6.2 ± 2.6 vs. 1.9 ± 2.3; P > 
0.05; for singles and multiples, respectively). Neither corpus luteal category (eggs shed as 
singleton or multiples) nor foetal category (foetus carried as singleton or multiples) 
affected (P > 0.05) foetal loss.  
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Figure 4 1: Plasma urea concentration of ewes at laparoscopy 
 
There was no correlation between embryo loss and urea concentration at laparoscopy (r = -
0.04; P = 0.511). That between embryo loss and OR was, however, significant (r = 0.29; P 
< 0.001). However, the regression of embryo loss on urea concentration at laparoscopy was 
low and not significant and was described by the following equation; 
Embryo loss (%) = 18.48 – 0.12Urea (R2 = 0.0015; P = 0.06) 
According to the formula above, at plasma urea of 30.7 mg/dl found by McEvoy et al. 
(1997), to cause embryo death, loss would be 14.7%. 
 
Foetal category affected (P < 0.001) total reproductive loss with foetuses carried as singles 
suffering higher losses compared to multiples (34.5 ± 4.5 vs. 13.6 ± 4.2). There was a 
negative and a highly significant correlation between foetal loss and lambing rate (r = -
0.30; P < 0.001). Though total reproductive loss was not correlated to plasma urea 
concentration at laparoscopy (r = 0.043; P > 0.05), it was positively and significantly 
correlated to number of eggs shed (r = 0.21; P < 0.001).
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Table 4 2: Mean ewe live weights, plasma urea concentrations and lamb birth weight of sheep of different plasma urea and prolificacy on autumn pasture 
during mating 
 Treatment  Urea category  Prolificacy 
 HPP HB SL*  HU LU SL  HP LP SL 
Urea (B) (mg/dl)1 49.6±0.9 49.3±0.9 NS  51.1±1.4 47.8±0.5 *  48.2±0.8 50.7±1.1 * 
Live weight (kg) 59.4±0.6 60.4±0.6 NS  60.1±0.9 59.7±0.4 NS  59.5±0.5 60.3±0.7 NS 
Urea (L) (mg/dl) 58.6±0.6 56.1±.07 ***  65.4±1.0 49.3±0.4 ***  57.8±0.6 57.1±0.8 NS 
Birth weights (kg) 4.9±0.1 4.9±0.1 NS  4.9±0.1 4.9±0.1 NS  4.9±0.1 4.9±0.1 NS 
Oversize (%) 13.8 13.1 NS  13.3 13.2 NS  12.0 16.5 NS 
Oversize weight (kg) 6.9±0.1 6.8±0.1 NS  6.9±0.1 6.9±01 NS  7.0±0.1 6.7±0.1 NS 
* SL = Significance level, NS = P>0.05, * = P <0.05, ** = P<0.01, *** = P<0.001 
1B = baseline; L = at laparoscopy 
 
 
Table 4 3: Re-analysis of mean birth weight of oversize lambs, adjusting for birth type (singles, twins and triplets) 
 Treatment  Urea category  Prolificacy 
 HPP HB SL  HU LU SL  HP LP SL 
Oversize (%)  13.3 12.1 NS  12.0 12.3 NS  10.9 16.5 0.086 
Oversize weights (kg) 6.7±0.2 6.6±0.2 NS  6.6±0.2 6.7±0.2 NS  6.8±0.2 6.5±0.2 NS 
* SL = Significance level, NS = P>0.05, * = P <0.05, ** = P<0.01, *** = P<0.001 
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Table 4 4: Potential reproduction (OR) and reproductive wastage of sheep on two feed treatments with different plasma urea concentrations at mating on 
autumn pasture and effect of prolificacy 
 Treatment  Urea category  Prolificacy 
 HPP HB SL  HU LU SL  HP LP SL 
OR (ova/ewe)* 1.6±0.1 1.6±0.1 NS  1.6±0.1 1.6±0.4 NS  1.9±0.1 1.3±0.1 *** 
PR (%) 92.1 92.1 NS  92.3 92.0 NS  95.8 85.7 ** 
LR (lamb/ewe) 1.5±0.1 1.4±0.1 NS  1.4±0.1 1.5±0.04 NS  1.6±0.1 1.3±0.1 *** 
Embryo loss (%) 10.9±2.7 16.5±2.8 0.06  13.3±4.1 14.1±1.8 NS  11.2±2.6 16.2±3.1 NS 
Foetal loss (%) 6.4±1.7 6.1±1.7 NS  7.9±2.5 4.7±1.1 NS  5.3±1.5 7.3±1.9 NS 
Neonatal death (%) 3.8±2.3 4.2±2.3 NS  4.0±3.3 4.0±1.7 NS  5.9±2.3 2.2±2.6 NS 
Total loss (%) 22.5±4.0 25.5±4.0 NS  24.5±6.0 23.6±2.5 NS  23.4±3.8 24.6±4.6 NS 
*OR = ovulation rate, PR = pregnancy rate, LR = Lambing rate (lamb born per ewe lambing). 
 
4.4. Discussion 
Diet type had no effect on ovulation rate, pregnancy rate, embryo mortality, foetal death or 
lamb viability. The anticipated difference in plasma urea concentration between diet types 
was not achieved and may reflect the possibility that although ewes were kept on short 
pasture less than 3 cm in length, degradable protein intake was greater than anticipated. 
However, there was no correlation between embryo loss and urea concentration and no 
evidence that the 30.7 mg urea/dL critical threshold observed by McEvoy et al. (1997) was 
associated with differences in embryo loss. Embryo loss observed in the present study is 
similar to previous studies (Kelly, 1982; Kleemann and Walker, 2005a) under normal 
grazing systems of NZ and Southern Australia. In the literature, degeneration of embryos 
in ewes fed diets containing high proportions of urea was attributed to ammonia which was 
postulated to be toxic to the embryo (McEvoy et al., 1997). In other studies, diets 
containing high levels of protein were found to up-regulate embryo metabolism (Madibela 
et al., 1995), which may result in early death. This is in complete contrast to the present 
data since if any thing, the trend was for embryo mortality in ewes on the high-protein 
pasture to be lower than that in ewes fed the hay/barley diet. Even when ewes were 
categorised as having high blood urea concentrations, embryo mortality, foetal death or 
neonatal viability were not different. There are two inferences from the lack of difference. 
Either both groups were affected but to a similar degree or high plasma urea concentrations 
were without effect, possibly as a consequence of adaptation. Recent studies with dairy 
cows similarly found no impairment of reproductive performance when serum urea was 
increased from 37 to 43 mg urea/dL (Dawuda et al., 2004),  from 27 to 42 mg/dL (Ordonez 
et al., 2007) or from 38.5 to 50.8 mg urea/dL (Madibela et al., 2008) as a result of offering 
14g/kg of urea/molasses as part of diet or due to urea fertiliser treatment of pasture. Plasma 
or serum urea concentrations in the present work and that of Ordonez et al. (2007) were 
150 to 200 % greater than the 30 mg/dl reported by McEvoy et al. (1997) to be associated 
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with abnormal embryo development in sheep. Moreover, plasma urea concentrations in 
excess of 40-50 mg/dl are common in pastoral situations (Sykes, 1978) as are high 
reproductive rates (Davis et al., 1987). In the present work, 99.7% of ewes had plasma urea 
concentrations higher than 30.7 mg/dL, implying that, if indeed high plasma urea was 
detrimental to embryo development, then almost all the ewes would be expected to have 
been affected. This suggests either longer-term adaptation to high plasma urea 
concentrations in grazing sheep or a more complex relationship between diet and embryo 
development as discussed by Ordonez et al. (2007). 
 
Conclusions 
While the study did not achieve large differences in plasma urea concentrations between 
diets, the high levels of plasma urea measured were accompanied by normal reproductive 
wastage rates. Together with similar findings from studies in dairy cattle (also chapter 3), 
the data suggest either that findings from controlled studies have a more complex aetiology 
or that pastoral animals can adapt to tissue ammonia/urea status resulting from large 
amounts of highly degradable protein in their diets. 
 
 
CHAPTER 5 
AMINO ACID SUPPLY IN TWIN-SUCKLING EWES GRAZING 
SPRING PASTURE 
5.1. Introduction 
Increasing levels of nutrition of livestock have led to enhanced expression of immunity and 
improved resilience against parasitic infection. Protein supply has been found to be 
particularly important. Bown et al. (1991a) demonstrated that nitrogen retention in infected 
sheep was increased fourfold by abomasal infusion of protein but only twofold by infusion 
of energy. Fish meal as a source of rumen by-pass protein increased the rate of worm 
expulsion in lambs (van Houtert et al., 1995) and reduced the peri-parturient increase in 
FEC and reduced worm burdens in reproductive ewes (Donaldson et al., 1998). Resilience 
of lambs (Bown et al., 1991a) or dairy goats (Chartier et al., 2000) or resistance in ewes 
(Donaldson et al., 1998; Donaldson et al., 2001; Houdijk et al., 2001a; Houdijk et al., 
2000; Houdijk et al., 2005) to infection have been enhanced by supply of protein. 
However, such responses probably involve a requirement for specific amino acids rather 
than protein per se (Hoskin et al., 2002) and therefore the identification of specific amino 
acid profile requires further elucidation. 
 
Under normal circumstances amino acid metabolism within the gastro intestinal tract (GIT) 
and its accessory organs makes a large contribution to amino acid turnover and can have an 
important bearing on the availability of amino acids for the support of other productive 
functions (Reeds and Burrin, 2000). It is in the GIT where Trichostrongylus colubriformis, 
a major sheep parasite in NZ, comes into contact with the epithelium of the small intestine 
(Bermingham et al., 2005). Thus it is conceivable that by preferentially meeting the 
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metabolic needs of the mucosa for immune and tissue repair responses by “first-pass” use 
during protein-limiting conditions (as imposed by parasite infection), systemic availability 
of essential amino acids would be low (van Goudoever et al., 2000).  This was observed by 
Yu et al. (2000) who reported that in T. colubriformis infected sheep, leucine use by the 
gastrointestinal tract was increased by 24 %, though a large proportion of the extra amino 
acids appeared to come from arterial sources. Net influx of leucine to other tissues was 
reduced. Valine fractional synthesis rates doubled in mesenteric lymph nodes, duodenal 
smooth muscle and ileal smooth muscle of T. colubriformis infected compared to control 
lambs whereas rates in skeletal muscle, the skin and the liver remained unchanged 
(Bermingham et al., 2006). 
  
The negative correlation between FEC and wool growth (Liu and Karlsson, 2004; Miller et 
al., 2000) suggests that nematode-associated immune responses compete for sulphur-
containing amino acids that are critical to wool growth (Liu and Karlsson, 2004). It has 
been postulated that following infection and trauma, there is an enhanced requirement for 
sulphur-containing and related amino acids in human subjects (Grimble, 1992). The 
possible elevation in requirement was suggested by the composition of certain components 
of the immune system which display a high content of sulphur amino acids (Sykes and 
Coop, 2001). For instance, the cysteine requirements for immunity-associated responses 
could be expected to be high, due to the high concentration of cysteine in mucins, a 
component of mucus (Liu et al., 2003). The proliferation of lymphocytes and cells of the 
GIT places a high demand for glutamine (Hoskin et al., 2002). In fact, glutathione (GSH) 
consists of glycine, glutamic acid and cysteine while metallothioneins contain glycine, 
serine, cysteine and methionine. These two, GSH and metallothionein are produced in 
large amounts in response to cytokines responsible for immune and inflammatory reactions 
in humans (Grimble and Grimble, 1998) and GSH is important for several T-cell functions 
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(Miller et al., 2000). Therefore, the specific amino acids required for the immune system in 
parasite-infected animals need to be identified if feeding strategies are to be developed to 
sustainably enhance immunity in infected animals. However, since most proteins are 
altered by rumen microbes it is important to know how much and which amino acids reach 
post-ruminal regions of the gut and probably become available for immune function. 
 
There is limited data on protein supply beyond the rumen in lactating ewes on pasture 
(Dove and Milne, 1994; Dove et al., 1985; Dove et al., 1988) and there are none which 
describe the effect on amino acid supply of protein supplementation regimes which 
enhance immunity (Sykes, unpublished data). Therefore, the aim of the present study was 
to determine the effect of supplementation with rumen-protected protein (fishmeal) on the 
amino acid supply to parasitized twin-rearing ewes on pasture. In the light of findings in 
previous studies (Dove et al., 1988) of diurnal variation in the flow of dry matter and non-
ammonia nitrogen (NAN) through the abomasum, the present work was designed to 
confirm this possibility on amino acid flow. The trial also aimed to determine any changes 
in amino acid composition of microbial protein and its flow through the abomasum. The 
concentrations of amino acids in systemic circulation in ewes were also determined. 
 
5.2 Material and methods 
5.2.1 Animals and surgery 
Twenty-four pregnant (scanned as carrying twins) Coopworth ewes were assembled at the 
Johnstone Memorial Laboratory. Two months before parturition twenty ewes were 
equipped with rumen and abomasal cannulae. The abomasal cannula was inserted 
according to Greer (2005). Briefly, a cannula with internal and external flanges was fitted 
after denying animals feed and water for 24 h before surgery. The cannulae were 
constructed using a 5 cm polyvinylchloride (PVC) barrel with a round lug at one end, two 
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oval latex flanges and a PVC flange. The cannula barrel passed through a hole in the centre 
of the flanges. One latex flange was held in place proximally by the lug of the cannula 
barrel and the second distally by a PVC flange and a tight retaining clip. The cannula was 
closed using removable stoppers made by shortening the syringe plunger (Terumo Syringe; 
Terumo Corporation, Philippines) and locked in place using a paper clip (Figure 5.1). 
During the operation, general anaesthesia was induced by 20 ml of mixture of 0.3-0.7 % 
diazepam (Pamlin) and 10-13 % Ketamine hydrochloride (Ketamine) both sourced from 
Parnell Laboratories New Zealand Limited, Auckland, New Zealand. An initial dose of 12 
ml (0.2 ml per kg of live weight) was given intravenously with occasional “top up” when 
necessary. After exteriorising the abomasum, a purse-string suture was made around the 
area where the cannula was to be inserted, about 10 cm anterior to the pylorus, to allow for 
collection of digesta passing though the abomasum. The cannula was inserted through an 
incision made between the string suture which was then tightened and tied. The abomasum 
was returned into the abdominal cavity and the cannula exteriorised through a stab incision 
made between the two hindmost ribs and held in place by the flanges and a rubber 
retaining clip. Each animal was given 5 ml of 33-38% dihydrostreptomycin sulphate 
(Depomycin; Intervet Limited, Upper Hutt, New Zealand) and 16-24% penicillin g 
procaine (Intervet Limited, Upper Hutt, New Zealand) intramuscularly as a prophylactic 
antibiotic and  1.5 ml Flunix Injection as an anti-inflammatory (5-9.5% Flanixin 
meglumine; Parnell Laboratories New Zealand Limited, Auckland, New Zealand). 
Animals were allowed to recover before sampling took place. After-surgery care included 
giving each animal 60 ml Ketol (Bomac Laboratories Limited, Auckland, New Zealand) 
and allowing animals to recuperate in hay-bedded pens for two days. During this time, 
ewes were offered chopped alfalfa hay and each ewe was given 5 ml Depomycin, 1 ml 
Flunix and 60 ml Ketol daily and after two days they were maintained on ryegrass/clover 
pasture. A rumen cannula was inserted on the left side over the anterior dorsal abdomen on 
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the remaining fourteen ewes after 6 animals were removed after developing complications 
ranging from loss of the abomasal cannula to herniated fistula. The cannulation and fitting 
of the cannula was according to the methods of Hecker (1969). Briefly, after clipping the 
wool and disinfecting the site, an incision 5 cm long was made in the ventro-caudal 
direction through the skin from the last rib and from the end of the transverse process of 
the first lumbar vertebra. The underlying abdominal muscles and peritoneum were 
separated by blunt dissection to form an opening 5 cm long. A part of the rumen wall was 
withdrawn and held with forceps while a clamp was applied and the screws tightened. A 
suture was then placed through the skin, the rumen wall under the clamp, and the skin on 
the other side and was tied over the clamp. This suture held the skin near the middle of the 
clamp. After 6 to 8 days when the rumen fold sloughed off, the clamp was removed and a 
flexible rubber cannula was inserted. Wound hygiene was maintained throughout the 
experiment by clipping and washing the area around the fistulas with diluted savlon at least 
once a week. 
 
Ps
C
Cb
Pf
Rc
Lf x 2 
Plate 5.1: The cannula (C) was made from cannula barrel with round lug (Cb), 2 latex 
flange (Lf), PVC flange (Pf), retaining clip (Rc) and a plunger stopper with a paper clip 
(Ps) 
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5.2.2 Treatments and animal management 
Three weeks before parturition the 14 ewes, weighing 65.1 ± 1.50 kg were stratified by 
weight into two groups in a crossover design. The two groups were then randomly 
allocated into one of two treatments; 1) ryegrass (Lolium penenne)/clover (Trifolium 
repens var Huia) + 500 g/d/ewe protein supplement (S; n = 7) and 2) ryegrass/clover alone 
(C; n = 7). Both groups grazed the same potentially nematode-contaminated pasture. The 
formulation and rate of supplementation was based on the prediction by Donaldson et al. 
(2001) of the  MP supply consistent with maintenance of immune function (low FEC) 
during the peri-parturient period and experience with supplementation regimes which 
reduced FEC of ewes on pasture (Xie, 2003). The treatments were anticipated to provide 
1.0 x metabolisable energy (ME) requirement in both groups, and 1.0 and 1.3 x 
metabolisable protein (MP) requirement in C and S ewes respectively, based on AFRC 
(1993) recommendations for twin-suckling ewes. During lactation a milk yield of 3.0 kg/d 
was assumed, which was typical of the breed of ewe used in the trial (Geenty and Sykes, 
1986)  Available pasture biomass was initially estimated by pasture rising plate meter 
(Filip Folding Pasture meter, Feilding, NZ) and excess pasture was mowed from 24 to 20 
cm. During adaptation, ewes grazed paddocks adjacent to the experimental paddocks and 
pasture intake was estimated by pasture clipping (3 random sites per paddock, before and 
after a grazing period of 7 days). Thereafter, pasture availability was assessed visually on 
weekly basis by an experienced operator. An attempt was made to equalise ME intake of S 
and C ewes by allocating a smaller paddock to the S ewes but attaining higher MP intake 
through offering the supplement (see section 5.2.3 for Supplementation). Animals grazed 
as separate groups behind electric fences to force them to graze to the same height in an 
attempt to equalise larval and ME intakes. 
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Protein supplementation was introduced to the S ewes 2 weeks before lambing. After 
lambing, S ewes continued on the supplement for a further 42 days until they were eating 
500 g/ewe/d after which sampling took place for 5 days. At day +50 relative to lambing, 
groups were reversed and the previously non-supplemented ewes allowed to get 
accustomed to the protein supplement for 14 days before being sampled for another 5 days. 
All animals were drenched with levamisole (7.5 ml per kg LW; Novartis, New Zealand 
Ltd) 14 days after lambing to get rid of nematode parasite from pasture and to able to 
examine animal response to parasite challenge. During days 35 to 42, all ewes were trained 
to go through a sampling crush (Plate 5.2) and accustomed to feeding pens. Sampling was 
done by two people stationed at two different crushes to ensure that the whole process of 
sampling and supplement feeding took as little time as possible. 
 
Plate 5.2: Sampling crush 
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5.2.3 Supplementation 
The protein nuts (see Table 5.1 for chemical analysis) consisted of 40 g molasses/kg, 200 g 
fishmeal/kg, 200 soya/kg, 240 g barley/kg and 320 g bran/kg. Ewes were initially 
introduced to 50 g supplement/ ewe/day at 09.00 h on a group basis within the paddock. At 
lambing, the supplement was gradually increased stepwise, by 100 g/ewe/d, until they were 
consuming 500 g/day on a group basis. During this period, all ewes were trained to go 
through pens and sampling crushes and accept harnesses and infusion equipment. From d 
+35 relative to lambing protein supplementation was provided on an individual basis in 
individual pens (Plate 5.3). One of the seven S ewes did not consume the supplement. In 
order to encourage acceptance during the adaptation period, 50 g of protein nuts was 
introduced through the rumen cannula. For the rest of the animals, if 20 min elapsed 
without complete consumption of allocated supplements the remaining feed was likewise 
placed inside the rumen at the end of the feeding interval during the adaptation period.  
 
Plate 5.3: Individual pen where ewes were fed protein supplements 
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5.2.4. Cr-EDTA, Ytterbium acetate and alkane dosing 
Five days before collection, a backpack (made of a sealable plastic container and attached 
to a saddle made of polythene foam) holding a multichannel peristaltic pump (CPP30, 
ChemLab, England) and two Viaflex bags (each containing 900 ml liquid Chromium-
EDTA (Cr; 2.77 g/L) and ytterbium; 150 mg/L) was held on the back of each sheep. Cr-
EDTA was prepared by dissolving 71 g of CrCl3 6H2O in 1000mml of water and 100 g 
EDTA-disodium salt in 1500 ml of water. The EDTA solution was then added to the Cr 
solution and then boiled for 1 h in a covered beaker. After cooling, excess EDTA mixture 
was neutralised with 20 ml 1 M CaCl and the pH adjusted to 6.5 with about 60 ml of 10 M 
NaOH. A solution of ytterbium acetate was prepared by dissolving 3.04 g in one litre of 
nanopure water and diluted to 1 in 10 to get 150mg/l of pure ytterbium. The backpack was 
held by a means of straps after ewes had been previously trained to carry it (see Plate 5.4). 
The straps from the saddle went around the belly of the sheep to keep the backpack in 
place. The markers were continuously infused over 24 h and fresh bags were placed daily 
at 09.00 h. The battery operated pumps were previously calibrated to deliver 37.5 ml/ h of 
solution but actual volume infused was determined by measuring the volume of residual 
Cr-EDTA and Yb solution the following day. To estimate nutrient intake an alkane pellet 
(150 mg of C32; dotriacontane) was prepared by wrapping the alkane in tissue paper and 
was placed directly into the rumen mat via the rumen cannula every day at 09.00 h, three 
days prior to sampling, and terminated two days before the end of sampling. 
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Plate 5.4: Sheep carrying a backpack holding a peristaltic pump and two Viaflex bags at a 
paddock 
 
 
5.2.5 Sampling 
5.2.5.1 Blood, faeces and weights 
Prior to introduction of the protein supplement, on d -17 relative to lambing, animals were 
bled from the jugular vein (10 ml) into Li-heparin coated tubes (Becton Dickinson 
Vacutainer Systems, Plymouth, UK) and then weekly thereafter at 09.00 h before 
supplementary feeding. The tubes were placed on ice and taken to the laboratory where 
plasma was harvested by spinning the blood at 3000 rpm for 10 min at 4oC. Blood samples 
were also taken on day -1, +1, +2 and +5 relative to day of abomasal and rumen digesta 
sampling (where day +1 was taken as first day of sampling). During the same times when 
blood was sampled, faecal samples (20 g) were taken from the rectum, placed in a jar and 
analysed while fresh for faecal egg count (FEC). During the five-day digesta-sampling 
period, daily faecal samples were also taken, frozen, and bulked for each animal. Live 
weights were recorded on a weekly basis. Body condition score was taken at 23, 52 and 70 
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days after lambing. Lambs were weighed within 12 h of birth and then at 9, 21 28 and at 35 
days of age and weighing was then discontinued because of the pressure of work. Lambs 
were not allowed to get access to their dam’s supplementary feeds so that lamb live weight 
gain could be used to estimate milk yield.  
 
5.2.5.2 Pasture and protein nuts   
Herbage samples (200 g) were obtained by diagonal transect sampling, twice weekly after 
12.30 h during the digesta sampling period and stored in the freezer pending analysis for 
chemical composition and amino acid profile. Daily pasture samples for alkane analysis 
were taken 2 d prior to digesta sampling and 2 d before the end of sampling, during both 
sampling periods. Protein nuts (50 g) were sub-sampled during daily feeding, bulked and 
stored until analysed for chemical composition and amino acids.  
 
5.2.5.3 Rumen and abomasal digesta  
Digesta was sampled to provide samples to give a pattern of 3 h intervals during a 24 h d 
by sampling at 12 or 15 h intervals over the 5 d. This was to reduce disturbance to the 
pattern of grazing while allowing estimation of diurnal variation in flow. Approximately 
300 ml of rumen digesta was collected from the ventral sac under mild vacuum induced in 
a PVC tube attached to a 100ml syringe. The digesta was placed into a 500 ml plastic 
container and mixed using a glass rod before pH was measured (ISFET pH meter, KS701, 
Shindengen Electric Manufacturing Co. Ltd, Japan). About 100 ml rumen digesta was sub-
sampled and transferred with 1:1 v/v of rumen buffer (0.9% NaCl, 0.1% Methyl cellulose 
and 0.01% Carboxyl-methyl cellulose) to a 250 ml plastic bottle. The suction pump was 
flushed with clean water between each sampling. The abomasal samples were obtained 
into 500 ml plastic containers by removing the plunger from the cannula barrel. The 
abomasal digesta was mixed using a glass rod before pH was recorded. Two subsamples 
(200 ml) were obtained and placed into two 250 ml plastic bottles. Both the rumen and 
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abomasal samples were placed inside a bin filled with ice and later stored in a freezer prior 
to analysis. The sampling container, the glass rods and the pH meter were cleaned between 
sampling. 
 
5.2.6 Processing of rumen digesta for rumen microbes 
To extract bacterial protein, rumen samples were processed according to modified methods 
of Ranilla and Carro (2003) and Cecava (1990). This involves a series of centrifugation 
and vortexing to isolate rumen microbes and the detailed processing methodology is given 
in Appendix 5.1. Before analysis for amino acid, samples were pooled together across 
subjects due to small quantities of samples. 
 
5.2.7 Analysis 
5.2.7.1 Chromium-EDTA 
Chromium in abomasal digesta was analysed according to the methods of Murthy et al. 
(1971). The standard for chromium analysis was prepared by dissolving 76.9 mg of 
chromium (III) chloride 6-hydrate (MW 266.4) in 4 ml 3M HCL in a 100 ml volumetric 
flask. Final concentration of 150 mg /l chromium (150 ppm) was achieved by topping up 
with nanopure water. Eight standards (1, 2, 3, 4, 5, 7, 10, 15mg/l) of 7.5 ml were prepared 
using a blank abomasal digesta supernatant as a matrix diluent and used to draw the 
standard curve. Duplicate subsamples of digesta were centrifuged at 13000 rpm for 30 min 
at 4°C in a Beckman J2 MI centrifuge using a JA 14 rotor (Bekman Instruments, 
California, USA). The supernatant fraction was carefully pipetted off into a clean tube (a 
visible purple colour indicating the presence of Cr/EDTA). The supernatant was further 
diluted 1:10 with blank abomasal fluid in order to fit within the standard curve 
concentration. Analysis was carried out using normal burner, acetylene instrument grade 
gas and compressed air in Atomic Absorption Spectrophotometer (Model 5100 PC, Perkin-
 73
Elmer Corporation, Norwalk, Connecticut, USA). The results were recorded as mg/l 
concentration of Cr.  
 
5.2.7.2 Ytterbium 
Ytterbium was analysed in the abomasal digesta according to a modification of the method 
of Siddons et al. (1985). Standards were prepared by dissolving 0.050 g of ytterbium 
acetate (MW 350.24) in nanopure water to volume in a 100 ml volumetric flask to achieve 
a final concentration of pure ytterbium (MW 173.04) 250 mg /l ytterbium (250 ppm). Five 
standards (5, 10, 15, 20, 25 mg/l) were made for preparation of a standard curve using 
blank abomasal fluid. The abomasal fluid was mixed well and used as whole (not 
centrifuged). All standards including blank digesta for the blank standards (20 ml) were 
taken through the entire method of analysis. An acid solution was made by adding 20 ml 
nitric acid and 1.9 g/l potassium chloride (1 mg potassium per ml) to approximately 800 ml 
nanopure water and making up to a litre. Twenty ml of abomasal digesta sample or 
standards in duplicates were placed into the pre-weighed 20 ml scintillation vials and 
reweighed. The samples/standards were then dried at 100 °C for approximately 48 h in a 
drying oven. The samples/standards were then reweighed after cooling in a desiccator to 
calculate DM. They were then ashed at 550 °C for eight hours. The weight of the ash was 
recorded and then extracted out with 20 ml acid solution (HNO3/KCL) by shaking 
continuously for six hours using a shaker (Gerhardt, Bonn). The ash was then allowed to 
settle out of solution for approximately two days before analysis. Analysis was carried out 
using the nitrous oxide burner (blue), nitrous oxide, acetylene instrument grade gas and 
compressed air using Atomic Absorption Spectrophotometer (Perkin-Elmer, 5100 PC, 
Norwalk, Connecticut, USA). Results were recorded as mg ytterbium/l digesta.  
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5.2.7.3 Glucose 
Glucose concentration was measured from whole blood of ewes immediately after 
collection. This was achieved by glucose kit (Accu-Chek®, Advantage II; Roche 
Diagnostics GmbH, D-68298 Mannheim, Germany) by touching and holding a drop of 
blood to the edge of the test strip which contains glucose dehydrogenase in the presence of 
coenzyme PQQ. Glucose in blood is converted to gluconolactone and the reaction creates a 
small electric current that is read by the meter. 
 
5.2.7.4 Amino acid analysis in abomasal digesta, ruminal bacteria, pasture and protein 
nuts samples (Hydrolysis method)  
Eighteen commercial amino acids (AA) in an assorted solution with concentration of 
2.5mM (Sigma, Aldrich, Australia), diaminopimelic acid (DAPA) and taurine (the latter 
two were prepared in-house to a solution of 2.5 mM from stock powder) were used to 
prepare standards for construction of standard curves. Freeze-dried abomasal digesta, the 
rumen bacterial pellet (from Section 5.2.6), pasture and protein nut samples were ground to 
pass through a 0.5 mm sieve (Tecator 1094 homogenizer, France) and about 75 mg 
weighed, in duplicate, into screw-top kimax tubes. Hydrolysis was by a modified method 
of Fountoulakis and Lahm (1998) and it is detailed in Appendix 5. 2. The Hewlett Packard 
1100 Series HPLC system with Chemstation software (Agilent Technologies, Waldbronn, 
Germany) was used to determine amino acids according to the methods of Heems et al. 
(1998) and Carducci et al. (1996) utilising a 250 mm x 4.6 mm, 5µm Reverse Phase 
Prodigy column (Phenomenex, New Zealand) heated to 40oC. 
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5.2.7.5 Oxidation method for analysis of cysteine and methionine in abomasal digesta, 
ruminal bacteria, pasture and protein nuts samples  
Cysteine and methionine were analysed according to modified methods of McNabb et al. 
(1993). Sulphur amino acids are destroyed to varying extents by HCL hydrolysis. Cysteine 
and methionine were therefore oxidised to cysteic acid and to methionine sulfone, 
respectively, followed by hydrolysis (Gehrke et al., 1987). The oxidation method is 
detailed on Appendix 5.3. The determination of cysteine and methionine was carried out 
by HPLC.  
 
5.2.7.6 Plasma amino acids 
Standards used for plasma free amino acids were prepared the same way as in section 
5.2.7.4 but with the addition of glycine standards. Standards were diluted 1 in 2 with 
control plasma from pooled plasma samples. After thawing, 500 l of plasma sample was 
pipetted into 1.5 ml tubes in duplicates. Tubes received 15 l of internal standard (α-amino 
butyric acid), including the solvent blank. Samples were deproteinised by adding 50 l of 
0.2 M sulfosalicylic acid as modified from the methods of Qu et al. (2001). The mixture 
was vortexed for 1 min and incubated at room temperature for 20 min. Tubes were 
centrifuged at 13000 rpm for 5 min in a micro centrifuge (Biofuge Pico, Kendro 
Laboratory Products, Germany). The supernatant was placed in separate 1.5 tubes and 5 l 
sodium hydroxide solution (4 M) was added to neutralise the sulfosalicylic acid. The 
contents were mixed well and filtered through a 33 mm 0.22 µm PES syringe filter 
(Biolab, New Zealand) into a HPLC vial containing a vial insert and cap.  Fifty microliter 
(50µL) of control plasma was used to dilute the standard filtrate in a HPLC vial containing 
a vial insert at 1 to 2 dilution and contents mixed. Samples were analysed using HPLC 
utilising a 250 mm x 4.6 mm, 5µm Reverse Phase Prodigy column (Phenomenex, New 
Zealand) heated to 40oC.  
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 5.2.7.7 FEC 
Egg count in faecal samples (FEC) was measured by flotation in brine using a modification 
of the McMaster method (MAFF, 1979) and expressed as eggs per gram (peg) of fresh 
faeces. 
 
5.2.7.8 Chemical composition of pasture and protein nuts 
The freeze-dried pasture samples and the protein nuts were milled through a 1mm screen 
before crude protein (CP), organic matter (OM), crude fat (CF), acid detergent fibre 
(ADF), neutral detergent fibre (NDF), water soluble carbohydrate (WSC), digestible 
organic matter (DOM), digestible dry matter (DDM) and metabolisable energy (ME) were 
determined using near infrared spectroscopy (NIR Systems, Model 5000, Foss, Hillerød, 
Denmark).  
 
5.2.7.9 Alkane analysis  
Freeze dried pasture and daily faecal samples were milled through a 1mm screen before 
being analysed for alkane according to a modification of method of Dove et al. (1996). 
There may have been alkanes in the supplement, however the supplement was not included 
in the analysis of alkane. An internal marker (C34; 0.4 ml) was placed into 70 ml kimax 
tubes containing either 1 g dried faeces or 2 g dried pasture sample. Potassium hydroxide 
(KOH) in methanol was added to each tube (10 ml for faecal and 20 ml for pasture 
samples). The tubes were closed and left overnight and the following day were heated in an 
oven at 90 oC for 3.5 h with vortexing every hour. When the contents of the tubes were 
reduced, methanol was added. After 3.5 h, the tubes were placed in a preheated water bath 
at 60 ºC. To each faeces sample, 5 ml of nanopure water and 5 ml heptane was added but 
the amounts of nanopure water and heptane was doubled for herbage samples. The tubes 
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were closed, shaken and then returned to the water bath to allow a biphasic layers to form. 
To extract the alkane, syringes filled with ¾ silica gel (0.063-0.200 mm) were used. The 
syringes were washed with heptane in a vacuum manifold before use. An equivalent 
number of tubes to sample tubes were labelled and aligned with taps in the vacuum 
manifold. Vacuum was turned on and top layer of the biphase was sucked slowly through 
silica gel into the new tubes. The elutant went through a series of washes (3 times for 
faecal and 4 times for herbage samples) by shaking with 5 ml of heptane. The equipment 
was rinsed through with 10 ml of heptane. Any discolouration was eliminated by passing 
elutant through series of silica column syringes and rinsed with final flush of 10 ml 
heptane until the final collection was clear. Tubes containing clear elutant were placed in 
an oven at 90ºC to evaporate the heptane. Alkane was recovered by addition of 0.7 ml 
heptane to each tube and then vortexed. The contents of the tubes were transferred to vials 
for gas chromatography (HP 6890, Hewlett-Packard Company, Wilmington, USA) 
analysis. The chromatography utilised a 30 m x 0.53 mm x 1.50 µm column Zebron ZB-1 
set to 245 oC.  
 
5.3. Calculations and Statistical analysis 
5.3.1 Pasture, nutrient and amino acid intake 
Pasture intake was estimated by using faecal alkane data from 4 animals for each treatment 
group and this was over-sight during laboratory analysis of alkane in the faeces samples 
(during sampling all animals were sampled). However, mean DM intake of each group (i.e. 
S and C) was used during calculation of nutrient intake of individual animal in each group 
respectively. The plant odd-chain alkane i (C33) and the dosed even chain alkane j (C32) 
were chosen as external and internal marker respectively and these were fitted in the 
formula by Dove and Mayes (1991);  
Intake = (Fi/Fj x Dj) / ((Hi – (Fi/Fj x Hj))  [5.1] 
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Fi = Faecal concentration of C33; Fj = Faecal concentration of C32; Dj = daily dose of C32 
Hi = Herbage concentration of C33; Hj = Herbage concentration of C32 
 
Nutrient (ME, CP, MP) and amino acid intake was calculated from the product of mean 
DM intake (kg) estimated from alkane analysis and nutrient concentration (g/kg DM). MP 
intake was estimated according  to AFRC (1993) and the following assumptions were 
made; 1) rumen outflow rate of effective rumen degradable protein of pasture and protein 
supplement to be 0.08/hour; 2) level of feeding was taken to be 3.0; 3) to estimate DUP the 
following formulas were used; 
DUP = 0.9[(UDP)-6.25(ADIN)]   [5.2] 
In which ADIN was estimated by a formula; 
ADIN = ADF/62.5     [5.3] 
 
5.3.2 Faecal egg count average daily gain and milk yield 
Faecal egg count (FEC) was log-transformed [log10 (FEC+1)] before analysis but was 
reported as back-transformed values. Average daily gain (ADG) for lambs was calculated 
by subtracting birth weight from live weight and dividing by days to get cumulative ADG. 
Based on the combined daily growths of twin lambs, milk yield was estimated from the 
assumption that 1 g weight gain was supported by 6 g milk (Peart, 1968). 
 
5.3.3 Digesta flow rates 
Marker concentrations were expressed as proportion of marker infused each day. True 
digesta was calculated according to Faichney (1980). Ytterbium measured zero in the 
filtrate fraction, but a value of 0.001 was instead used in the formula (Appendix 5.4). Dry 
matter flow was calculated by multiplying true digesta flow by DM of abomasal digesta. 
Thereafter, flow of each amino acid was calculated by substituting their concentration 
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(g/kg DM) in abomasal digesta for that of Cr-EDTA from the solid-phase and then 
multiply this by true digesta flow (Faichney, 1980).  
 
All time-series data were subjected to restricted maximum likelihood (REML) to estimate 
repeated measures by the use of statement Repeated within Proc Mixed procedure of SAS 
(2002-2003) to estimate variances and covariance (Holland, 2006) for crossover and 
missing data. The compound symmetry (CS) structure proved to be the appropriate within-
subject variance covariance structure for these data according to Akaike’s information 
criterion (Wolfinger and Chang, 1998). The exception was plasma lysine for which 
autoregression of order one (AR (1)) structure was used because CS structure resulted in 
infinite likelihood. The model for FEC, blood glucose, body weight, lamb ADG, ewe body 
condition score and plasma free amino acids included effects of ewe, treatment, time and 
treatment x time interaction. Lambing occurred within a week so lambing date as a 
covariate had no effect (P > 0.05) on FEC, blood glucose, lamb ADG or plasma amino 
acids and was thus omitted from the model. 
 
To tease out the nature of trends in plasma amino acids over time, the effect of time was 
broken down into polynomial contrasts. Time was dropped from the class statement, 
making it a continuous variable and then it was included three times on the model 
statement to construct non-orthogonal polynomial items (Wolfinger and Chang, 1998).The 
model for rumen and abomasal digesta data included effects of ewe, period, treatment, time 
and treatment x time interaction. Ewe x treatment x period was used to specify variation 
between animals as a random effect except for DM flow rate in which only ewe was used. 
During analyses of differences between C and S ewes for rumen bacterial N flow, ewe 
effect was dropped from the model because samples were pooled together and minimum 
significant level was assumed at P < 0.10. Period effects were dropped from the model 
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used for statistical analysis of amino acid concentration in the bacterial pellet because it 
had no (P > 0.10) effect. Additional analysis of variance at each time point was carried out 
when treatment and time interacted. Differences in pasture DM, ME, CP, MP and amino 
acid intake between C and S ewes were tested by ANOVA using GLM procedure of SAS 
(2002-2003). Results are reported as least squares means (P < 0.05, except for the rumen 
pellet, analysis of which was P < 0.10). For FEC, statistical inference was based on log- 
transformed data. Where there were differences due to treatment, pair wise comparisons of 
means were tested by differences of least squares means.  
 
5.4. Results 
5.4.1 Diet chemical composition and required ME and MP 
The chemical composition of the protein nuts and pasture is shown in Table 5.1. Fibre 
components of pasture increased during Period II while levels of CP, WSC, DDM and ME 
decreased. Protein nuts had high CP, ME but low fibre components.  
 
Table 5 1: Dry matter (g DM/kg fresh weight) and chemical composition (g/kg DM) of 
protein nuts and pasture  
Parameters Protein nuts Pasture 
  Period I (C) Period I (S) Period II (C) Period II (S) 
Dry matter 861 923 926 944 934 
Organic matter 916 902 904 915 917 
Crude protein 338 155 151 128 114 
Crude fat 42 - - - - 
Acid detergent fibre 71 231 235 297 300 
Neutral detergent fibre 295 423 434 524 536 
Water soluble CHO - 216 219 174 188 
DOM* 889 - - - - 
Digestible DM - 789 786 689 680 
ME (MJ/kg DM) 13.5 11.8 11.8 10.6 10.4 
*Digestibility of organic matter
The concentration of C32 in faeces samples were similar (P > 0.05) for C and S ewes (0.25 
vs. 0.27 mg/g for C and S ewes, respectively). However, the concentration of C33 was 
higher (P < 0.001) in C than S ewes (0.41 vs. 0.35 mg/g). During Period I C32 
concentration in faeces samples was lower (P > 0.05) than during Period II, but C33 
concentration was significantly higher in Period I than Period II (0.42 vs. 0.34 mg/g).  The 
concentration of C32 was similar (P > 0.05) in pasture from different paddocks grazed by 
C and S ewes (8 vs. 6 ppm) but C33 was higher (P < 0.01) in pasture grazed by C than S 
ewes (110 vs. 100 ppm). During Period I and II C32 in pasture was similar (6 vs. 8 ppm; P 
> 0.05) but C33 was higher (P < 0.001) in Period I than II (110 vs. 97 ppm). 
 
5.4.2 Pasture, nutrient and amino acid intake 
Pasture dry matter and nutrient intakes are shown on Table 5.2. Pasture intake tended (P = 
0.06) to be greater in C than S ewes but total dry matter intake and ME intake were similar 
(P > 0.05) between the C and the S animals. Crude protein and especially estimated MP 
intake were increased (P < 0.05 and P < 0.001, respectively) by supplementation. Intake of 
pasture, dry matter (P < 0.05), ME, crude protein (P < 0.001) and MP  (P < 0.01), were 
higher during Period I than Period II. There was no treatment x period interactions (P > 
0.05). 
 
Calculated total amino acid intake is shown in Table 5.3. Intakes of total amino acids 
(TAA), essential amino acids (EAA) (P < 0.01), SAA (P < 0.001) and branch-chained 
amino acids (BCAA) (P < 0.05) were higher for S ewes except for valine, which was 
similar (P > 0.05) between groups. Intakes of TAA, EAA, BCAA (P < 0.01) and SAA (P < 
0.05) were greater during Period I than II except for arginine and histidine which were 
similar (P > 0.05) between the two periods. There was no treatment x period interactions (P 
> 0.05). 
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5.4.2 Ewe weight, body condition score, FEC, blood glucose, milk yield and lamb weight 
Trends in live weight, lamb average daily gain (ADG), FEC and blood glucose are shown 
in Figures 5.1 to 5.2. A highly significant treatment x time interaction was observed for 
live weight (P < 0.001). Body condition score was higher (P < 0.05) in the C (2.8 ± 0.11) 
than in S ewes (2.3 ± 0.10) at 23 days after lambing. At 52 and 70 days after lambing, both 
C and S sheep had similar (P > 0.05) body condition (2.6 ± 0.16 vs. 2.3 ± 0.15 and 2.3 ± 
0.16 vs. 2.1 ± 0.18 for C and S ewes, respectively). Lamb ADG was slightly but not 
significantly higher (P > 0.05) in C than S ewes (Figure 5.1b). Milk yield of C and S ewes 
was similar (3659.7 ± 331.95 vs. 3359.1 ± 307.33 g/day, respectively; P > 0.05) and there 
was no treatment x time interaction (P > 0.05). 
 
No (P > 0.05) treatment effect was observed for FEC (33 ± 0.8 vs. 35 ± 0.7 peg) for C and 
S ewes, respectively. Twenty-one days after anthelmintic treatment, FEC of C rose rapidly 
compared to S animals (670 vs. 46, respectively; P = 0.08) (Figure 5.2a) and was reduced 
after treatments were reversed. There was a highly significant (P < 0.001) time effect on 
FEC. 
 
No treatment effect was observed for blood glucose (2.21 ± 0.06 vs. 2.17 ± 0.05 mmol/L 
for C and S ewes, respectively). However, there was a tendency (P = 0.07) for a treatment 
x time interaction due to high (P < 0.05) glucose levels in C ewes at day +35 relative to 
lambing and due to a significantly higher (P < 0.01) blood glucose concentration in S ewes 
at day +56 relative to lambing (Figure 5.2b). 
Table 5 2: Pasture and nutrient intake by twin-rearing ewes grazing spring pasture supplemented with protein nuts (Supplemented) or without a supplement 
(Control) during Period I and II1. 
 Treatment  Period   Main effects 
Parameter Control Supplemented  I II  Treatment  Period 
Pasture intake (g DM/d) 2629±139.95 2245±135.20  2659±135.20 2216±139.95  0.06  * 
Total DM intake (g/d) 2629±139.95 2676±135.20  2874±135.20 2431±139.95  NS  * 
ME intake (MJ ME/d) 29.6±1.51 30.9±1.50  34.3±1.46 26.2±1.51  NS  *** 
CP intake (g/d) 375.8±18.10 442.8±17.48  478.4±17.48 340.2±18.10  *  *** 
MP supply (g/d)2 309.3±13.30 434.4±12.85  399.6±12.85 344.0±13.30  ***  ** 
* = P < 0.05; ** = P < 0.01; *** = P < 0.001 and NS = P > 0.05 
1Based on mean DM intake of 4 ewes from each group 
2Calculated from AFRC (1993)
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Table 5 3: Amino acid intake (g/day) by twin-rearing ewes grazing spring pasture supplemented with protein nuts (Supplemented) or without a supplement 
(Control) during Period I and II1. 
 Treatment  Period  Main effects 
Parameter Control Supplemented  I II SEM Treatment  Period 
Methionine 3.4 11.7  8.0 7.1 0.21 *** * 
Leucine 28.5 35.3  39.0 24.8 1.26 * ** 
Lysine 21.3 25.8  26.4 20.7 0.99 * * 
Isoleucine 13.6 16.8  18.5 11.9 0.62 * ** 
Phenylalanine 14.4 18.4  18.9 13.9 0.68 * ** 
Valine 17.2 20.4  22.9 14.7 0.87 NS ** 
Arginine 16.8 26.5  22.4 20.9 0.81 ** NS 
Threonine 17.1 20.5  23.7 13.9 0.79 * *** 
Histidine 6.9 10.1  9.1 7.9 0.46 ** NS 
Total Amino Acid 305.7 400.9  424.6 282.1 13.45 ** ** 
Total EAA 139.1 185.5  188.7 135.8 6.46 ** ** 
Total BCAA 59.3 72.5  80.3 51.4 2.73 * ** 
Total SAA 8.2 27.4  19.1 16.4 0.52 *** * 
Cysteine 4.8 15.7  11.1 9.3 0.32 *** * 
Taurine 2.3 1.8  2.9 1.1 0.12 * *** 
* = P < 0.05; ** = P < 0.01; *** = P < 0.001 and NS = P > 0.05 
1Based on mean DM intake of 4 ewes from each group
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Figure 5 1 Live weight of twin-rearing ewes grazing spring pasture with or without a protein supplement (a) and Total daily growth (ADG; g/ewe) of their 
twin lambs and estimated dam milk yield (b) 
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Figure 5 3: Plasma total amino acid (a) and total glucogenic amino acid (b) concentration in twin-rearing ewes grazing spring pasture with (S) or without a 
protein supplement (C) 
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Figure 5 4: Plasma total essential amino acid (a) and total branched-chain amino acid (b) concentration in twin-rearing ewes grazing spring pasture with (S) 
without a protein supplement (C) 
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5.4.3 Plasma amino acids 
Mean plasma amino acid concentrations and trends over time are presented in Tables 5.4 
and Figures 5.5 to 5.6. There was a highly significant (P < 0.001) effect of time on plasma 
amino acid concentrations. Polynomial contrasts (Table 5.4) showed most amino acids had 
significant quadratic components (P < 0.05 or greater) indicative of a rise in concentration 
during early lactation and subsequent fall, glutamic acid, aspartate and proline being the 
exceptions. Time-related changes had highly significant linear and cubic effects (P < 
0.001, in both cases). Plasma concentrations of total AA, EAA (P < 0.001), BCAA and 
total glucogenic amino acid (GAA; those amino acids with potential to yield glucose via 
phosphoenolpyruvate (D'Mello, 2003)) were lower (P < 0.01)  in S ewes at day 21 after 
lambing but similar (P > 0.05) to those of C ewes at other times. Plasma concentrations of 
certain individual amino acids – viz, threonine, valine, isoleucine, leucine, histidine, lysine, 
methionine, serine (P < 0.01), arginine, glutamine, cysteine, glycine (P < 0.05), 
phenylalanine, glutamic acid, tryptophan and tyrosine (P < 0.001) of S ewes were also 
lower at day 21 after lambing. These trends for selected individual AA are shown in 
Figures 5.5 and 5.6. An exception was taurine for which plasma concentrations were high 
in S ewes on day 21 (P < 0.05) post lambing (Table 5.5). A treatment x time interaction 
was observed for most EAA, BCAA and SAA indicating that the different groups 
responded differently over time and hence different concentration patterns, except for 
threonine, phenylalanine, lysine, glutamine, taurine and aspartate for which groups had 
similar patterns (Table 5.4).  There was no overall (P > 0.05) treatment effect on plasma 
essential and branched-chain amino acid concentration except for serine (P < 0.01) and 
cysteine (P < 0.05). Tryptophan (P = 0.09) and tyrosine (P = 0.07) tended to be reduced in 
S ewes. Supplemented animals had high plasma concentrations of cysteine and taurine (P < 
0.05) in both cases. Total plasma SAA levels in S sheep were marginally higher but not 
significantly different (P > 0.05) from those of C ewes. Slightly higher, but statistically 
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insignificant (P > 0.05), concentrations of glutamine, glycine and alanine were recorded in 
plasma of C than in S animals. 
 
5.4.4 Rumen and abomasal pH 
Trends in rumen and abomasal pH during Periods I and II are shown in Figure 5.7. During 
Period I there was no (P > 0.05) treatment effect on rumen pH or abomasal pH. There was, 
however, a tendency for a treatment x time interaction in rumen pH (P = 0.07) but none (P 
> 0.05) in abomasal pH. A time effect was observed in both the rumen pH (P < 0.01) and 
the abomasal pH (P < 0.001) during Period I with pH increasing after 9.00 h. During 
Period II, rumen pH in digesta of C ewes was significantly higher (P < 0.001) than that of 
S ewes (6.71 ± 0.054 vs. 6.42 ± 0.053 for C and S ewes, respectively). There was no (P > 
0.05) treatment x time interaction in rumen pH while there was tendency (P = 0.06) for one 
in abomasal pH. Time effect was highly significant (P < 0.001) in rumen pH and 
significant (P < 0.01) in abomasal pH (Figure 5.7) with rumen pH decreasing at 21.00 h 
and abomasal pH of C ewes increasing at 15.00 h in Period II. 
 
5.4.5 Rumen bacterial AA concentration, abomasal DM flow and abomasal AA flow 
Preliminary analysis did not show any effect of Period on rumen bacterial amino acid 
concentration, hence data from Period I and II were combined. Concentrations of rumen 
bacterial AA are shown in Table 5.6 and Figure 5.8 with missing data for 24.00 h 
sampling. Trends in flow of DM and amino acids are shown in Table 5.6 and Figures 5.9 
and 5.10. 
 
Rumen bacterial amino acid concentrations and TAA were slightly but insignificantly (P = 
0.72 to P = 0.23) higher in S than C ewes (Table 5.5 and Figure 5.8). There was highly 
significant time effect whereby amino acid concentrations were higher between 06.00 and 
12.00 h and then decreased between 15.00 and 18.00 h (Figure 5.8). 
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Supplementation increased flows of DM, total AA, EAA, SAA, BCAA, individual AA and 
DAPA (P < 0.001) through the abomasum (Table 5.6). Supplementation also resulted in 
highly significant (P < 0.001) treatment x time interaction in DM, total AA, EAA, SAA, 
BCAA, individual AA and DAPA flows (Table 5.6 and Figures 5.9 and 5.10). Flow rates 
were higher during Period I than Period II (Table 5.6). These increases in flows occurred in 
supplemented ewes within 3 h of offering the supplement at 9.00 h and lasted up to 21.00 h 
(Figures 5.9 and 5.10) except for dry matter in which the increase lasted only up to 15.00 
h.  
 
Table 5 4: Plasma EAA, BCAA and SAA concentration (µM) in twin-rearing ewes grazing spring pasture with or without protein supplementation. 
Parameter Treatments  Main effects  Interaction effects 
 Control Supplemented  Treatment Linear2 Quadratic  Cubic  Treatment x Time 
Threonine 323±25.90 315±24.81  NS NS *** NS  NS 
Valine 157±11.15 158±10.68  NS NS *** *  * 
Isoleucine 103±5.68 105±5.43  NS *** *** *  * 
Leucine 110±6.63 111±6.26  NS NS * ***  * 
Phenylalanine 59.0±2.67 54.4±2.57  0.05 * *** ***  NS 
Histidine 52.4±2.50 52.4±2.39  NS * ** NS  *** 
Lysine 113±7.48 113±7.18  NS ** *** ***  * 
Arginine 158±9.53 170±9.13  NS NS *** **  * 
Methionine 22.2±1.52 21.9±1.45  NS NS *** *  * 
Total EAA (mmol/L) 1.09±0.06 1.09±0.07  NS NS *** NS  ** 
Total SAA 92.6±4.49 100.1±4.32  NS *** *** **  ** 
Total BCAA 370.3±23.03 374.9±22.05  NS * *** **  * 
Total GAA (mmol/L)1 2.22±0.09 2.13±0.09  NS * *** NS  * 
Glutamine 281.9±11.94 268.4±11.48  NS *** *** *  NS 
Glutamic acid 127.0±5.97 125.8±5.71  NS *** NS ***  *** 
Taurine 78.9±4.64 90.2±4.45  * *** *** **  NS 
Cysteine 70.4±3.47 78.2±3.35  * *** *** *  *** 
Glycine 614.1±31.03 566.0±29.85  NS NS * **  *** 
Aspartate 4.6±0.53 4.9±0.51  NS * NS NS  NS 
Tryptophan 33.6±1.74 31.14±1.68  0.09 ** *** ***  *** 
Tyrosine 67.9±4.10 61.0±3.96  0.07 NS *** *  ** 
Proline 120.0±6.22 125.2±6.00  NS NS NS *  0.07 
Serine 77.5±5.00 63.9±4.82  ** *** *** **  * 
Alanine 215.7±8.69 196.6±8.29  NS *** *** *  ** 
Total AA (mmol/L) 2.70±0.11 2.60±0.10  NS ** *** NS  * 
1Glucogenic amino acids minus asparagine 
2Time effects partitioned by polynomial contrasts into linear, quadratic and cubic effects  
* = P < 0.05; ** = P < 0.01; *** = P < 0.001 and NS = P > 0.05 
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Figure 5 5: Plasma methionine (a) and cysteine (b) concentration in twin-rearing ewes grazing spring pasture with (S) or without protein supplement (C). 
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Figure 5 6: Plasma glutamine (a) and glutamic acid (b) concentration of twin-rearing ewes grazing spring pasture with or without protein supplement 
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Figure 5 7: Diurnal variation in rumen and abomasal digesta pH of twin-rearing ewes grazing spring pasture with or without protein supplement during 
Periods I and II 
 96
a)
120
170
220
270
320
9.00 12.00 15.00 18.00 21.00 3.00 6.00
Control
Supplemented
b)
60
80
100
120
140
160
180
9.00 12.00 15.00 18.00 21.00 3.00 6.00
Control
Supplemented
 
C
o
n
c
e
n
t
r
a
t
i
o
n
 
(
g
/
k
g
)
 
c)
20
25
30
35
40
45
50
55
9.00 12.00 15.00 18.00 21.00 3.00 6.00
Time of the day (h)
Control
Supplemented
d)
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
9.00 12.00 15.00 18.00 21.00 3.00 6.00
Time of the day (h)
Control
Supplemented
 
Figure 5 8: Diurnal variation in total AA (a), EAA (b), BCAA (c) and SAA (d) concentrations (g/kg pellet) of bacterial isolate from the rumen of twin-
rearing ewes grazing spring pasture with or without protein supplement 
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Figure 5 9: Diurnal variation in abomasal DM, total AA, EAA and BCAA flows in parasitized twin-rearing ewes grazing spring pasture with or without 
protein supplement 
*** *** *** ***
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Figure 5 10: Diurnal variation in abomasal SAA, glutamine, leucine and DAPA flows in parasitized twin-rearing ewes grazing spring pasture with or 
without protein supplement 
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Table 5 5: Amino acid content of rumen bacteria (g/kg of pellet) of twin-rearing ewes grazing spring pasture  
with or without protein supplement 
Parameter Control Supplemented  Main effects1 
   SEM P value Time Trt x Time 
Threonine 9.6 10.9 1.54 0.61 *** NS 
Valine 9.7 11.0 1.07 0.47 ** NS 
Isoleucine 9.4 10.7 0.67 0.31 ** NS 
Leucine 15.9 17.9 2.35 0.59 ** NS 
Phenylalanine 9.2 10.2 0.73 0.42 *** NS 
Histidine 4.1 4.7 0.22 0.23 * NS 
Lysine 17.0 18.6 1.95 0.63 *** NS 
Arginine 9.7 11.2 1.56 0.57 NS NS 
Methionine 1.9 2.3 0.32 0.63 ** NS 
Total EAA 101.3 114.3 15.95 0.62 * NS 
Total SAA 3.0 3.5 0.58 0.67 ** NS 
Total BCAA 34.9 39.6 4.06 0.50 *** NS 
Total AA 199.3 225.9 29.23 0.59 *** NS 
DAPA 1.8 2.1 0.15 0.24 * NS 
Taurine 1.3 1.6 0.50 0.75 * NS 
Cysteine 1.1 1.3 0.26 0.73 * NS 
1Due to small quantities of bacterial pellet during amino acids chemical analysis significant level was set at 
P<0.10. (i.e. P<0.10 = *; P<0.05 = **; P<0.01 = ***). 
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Table 5 6: Flow of DM, water, TAA, essential amino acids, cysteine, DAPA, and taurine through the abomasum in twin-rearing ewes grazing spring pasture 
with or without protein supplement. 
Parameter Treatment  Period    Effects 
 Control Supplemented  I II  SEM  Period Trt x Time 
Dry matter (kg/d) 1.56 1.78  1.83 1.51  0.08  *** *** 
Water (l/d) 51.0 47.9  57.3 41.6  2.80  ** * 
Total AA (g/d) 241.7 279.6  283.2 238.1  1.60  *** *** 
Threonine 15.9 18.3  18.6 15.6  0.08  *** *** 
Valine 15.8 18.1  18.4 15.5  0.09  *** *** 
Isoleucine 15.8 18.2  18.4 15.5  0.09  *** *** 
Leucine 16.2 19.0  19.1 16.1  0.11  *** *** 
Phenylalanine 15.8 18.2  18.5 15.5  0.09  *** *** 
Histidine 15.4 17.6  17.8 15.2  0.15  *** *** 
Lysine 16.2 19.0  19.1 16.1  0.11  *** *** 
Arginine 15.9 18.5  18.6 15.7  0.10  *** *** 
Methionine 1.7 2.1  2.0 1.8  0.05  ** *** 
Total EAA 128.0 148.1  149.8 126.4  0.80  *** *** 
Total SAA 3.3 4.0  3.9 3.4  0.08  *** *** 
Total BCAA 47.8 55.4  56.0 47.2  0.30  *** *** 
Glutamine 16.5 19.3  19.3 16.5  0.16  *** *** 
DAPA 15.3 17.1  17.5 14.9  0.09  *** *** 
Taurine 15.3 17.1  17.5 14.9  0.09  *** *** 
Cysteine 1.6 1.9  1.9 1.6  0.03  *** *** 
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5.5 Discussion 
Intensive studies such as this can not use the large number of animals needed for 
parasitological studies and as such, less weight can be attributed to the parasitological data. 
However, the conditions used achieved the enhancement of MP supply suggested by 
Donaldson et al. (2001) and Houdijk et al. (2005) that lead to improved ability to limit the 
peri-parturient limitation of immunity. In addition, the present work mirrors the studies of 
Xie (2003) in which sheep grazing similar pastures and which were offered the same 
quantities of the same supplement did show a highly significant reduction in FEC from 99 
to 2 peg during the first 6 weeks of lactation. The strengths of the present work are 
therefore in providing an indication of likely changes in amino acid supply occurring in the 
work of Xie (2003). Except for data on flows of non-ammonia nitrogen and amino acid in 
grazing lactating ewes (Dove et al., 1988; Dove et al., 1985; McMeniman et al., 1986), 
indoor-fed pregnant and lactating sheep (Gonzalez et al., 1985) and of amino acid in soy 
bean-supplemented indoor pregnant ewes (Coffey et al., 1989), to the best knowledge of 
the author, the current work is the first to quantify amino acid supply in parasitised twin-
suckling ewes on pasture with or without a fishmeal-based supplement.   
 
Generally, supplementation increased the flow of amino acid through the abomasum by 
16% on a daily basis. This increase was greater between 12.00 to 21.00 h when the 
difference in flow was for total AA (+36%), EAA (+36%), BCAA (+36%), SAA (+45%), 
DAPA (+31%), glutamine (+30%), aspartatic acid (+66), cysteine (+43%) and taurine 
(+31%). An increase in the flow of escape protein relative to bacterial protein (Robinson et 
al., 2002) would account for such an abrupt increase of flow in DM and amino acids 
between 12.00 and 21.00 h in S ewes. 
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The 16% increase in amino acid flow from the rumen of S ewes suggests that 
supplementation provided both dietary AA and microbial protein. Enhancement of 
microbial protein was inferred from DAPA data. DAPA is a constituent of the cell wall of 
many species of bacteria. The fluxes of DAPA were also increased in S ewes from 12.00 to 
21.00 h. DAPA was also used to calculated total bacterial nitrogen flowing at the 
abomasum by dividing the N:DAPA ratio of bacterial isolate by the N:DAPA ratio of 
abomasal digesta and multiplying this quotient by total abomasal N flow rate (Volden, 
1999). Nitrogen in the bacterial isolate and in the abomasal digesta was derived from total 
amino acid (TAA) concentration by dividing TAA by 6.25. Mean total nitrogen (TN) and 
bacterial nitrogen (MN) flow of S and C ewes was 45.5 ± 3.59 vs. 38.2 ± 3.57 g/d and 32.2 
± 1.96 vs. 31.6 ± 1.79 g/d for S and C ewes, respectively. Dove and Milne (Dove and 
Milne, 1994) estimated flow of microbial nitrogen in ewes grazing spring/summer pasture 
to be 37.2 g/d, which is slightly greater that flows observed in the C ewes in the present 
study. These differences between S and C ewes in bypass protein (TN –MN) flow suggest 
that supplementation doubled bypass nitrogen in S ewes. Flow of bacterial N in S ewes at 
15.00 h was high (39.5 ± 4.85 vs. 26.3 ± 4.86 g/d; P < 0.1; for S and C ewes, respectively; 
Figure 5.13), indicating a shift in microbial supply at this time and suggesting a possible 
enhancement of microbial protein synthesis in supplemented ewes. Reduction in rumen pH 
as a consequence of supplementation has been observed previously (Bargo et al., 2002) 
and when rumen pH is below 6.0, the rumen microbial population may shift from more 
acid-sensitive to acid-tolerant genera (Dehority, 2003). However, in the present study 
rumen pH values for both S and C were above 6 except at 21.00 h in both cases. It is likely 
that supplementation may have changed the balance of the microbial population because 
supplements containing undegraded protein also supply organic matter that provides 
energy for additional microbial protein synthesis (O'Reagain and McMeniman, 2002). 
Cottle and Velle (1989) postulated that fractions of administered lysine, threonine and 
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methionine could be incorporated directly into microbial protein. If this was the case in the 
present study, then the slight increase in some amino acids in bacterial pellet of S ewes 
(Table 5.5) may imply that AA incorporation directly into microbial protein may have been 
enhanced. From Figure  5.13, rumen bypass nitrogen flow can be extrapolated from each 
sampling point for each treatment group by subtracting bacterial nitrogen from total 
nitrogen flow; e.g. A and B for C and S ewes, respectively at 15.00 h and indicated an 
enhanced by-pass nitrogen by the supplement particularly in the afternoon.  
 
Flows were not consistent throughout the day. Diurnal variation in flow of DM and amino 
acid (Figure 5.11) in C group was lower than that in a study by Dove et al. (1988) in which 
DM and NAN flow ranged from 15% below to 30% above mean daily flow. Diurnal 
variation in flow of DM and amino acids for C ewes in the present study ranged from 5% 
below and 10% above mean daily flow (Figure 5.11). However, of particular interest was 
the pattern of the flows of AA in the present study in which the peak occurred from 12.00 
to 15.00 h and another at mid-night to 3.00 h while in the study by Dove et al. (1988) the 
peak was reached at mid-night. Thomson et al. (1985) noted that in grazing lambs, the 
rumen reached its maximum level of fill at the end of the afternoon grazing, with 
additional grazing period during the night, perhaps explaining the existence of peak flow of 
DM and NAN at mid-night. However, in the present study the early peak between 12.00 
and 15.00 h may be indicating high fractional outflow rate of digesta perhaps due to the 
rumen reaching its maximum fill much earlier. A shorter half-life of fluid and particulate 
matter in the rumen of sheep with high dry matter intakes result in faster flow rate of 
digesta through the abomasum (Ali and Hennessy, 1995) as a result of propulsive activity 
of the rumen (Dove et al., 1988). In ewes given the supplement, diurnal fluctuation was 
prominent at 12.00h, ranging from 15% below and 30% above the mean daily flow, and 
the mid-night peak observed in the control ewes was not evident (Figure 5.12). It also 
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seems that supplementation with protected protein may have altered the pattern of bacterial 
nitrogen flow through the abomasum. Protein nuts were offered at 9.00 h, and as shown in 
Figure 5.13, bypass nitrogen peaked between 12.00h and 15.00 h, but it was not until 15.00 
h that a peak in bacterial nitrogen flow was observed, 6 h later. A delay of 6-7 h between 
consumption and a change in AA profile of duodenal digesta was observed by Robinson et 
al. (2002) when dairy cows were given a protein supplement containing fishmeal as was 
the case in present study. 
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Figure 5 11: Diurnal variation in the flows of DM and total AA in twin-rearing ewes 
grazing spring pasture without a supplement (C) 
 
To be able to compare this data with other studies, amino acid flows were expressed as per 
unit dry matter intake (DMI). Though pasture intake was estimated using only four ewes 
from each treatment group, these appeared to provide realistic values for intake based on 
calculated energy requirement of ewes for milk yield and according to AFRC (1993) 
nutrient requirements. In addition, the present pasture intake of 2.6 kg is comparable to 
intake of 36-38 g DM /kg LW of sheep on pasture observed by Cruickshank (1986). 
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Comparison with dairy cattle data showed that total amino acid flow of C ewes (91.9 
g/d/kg DMI) were similar to those of lactating cows grazing ryegrass/white clover (93.0 
g/d/kg DMI) or only ryegrass (97.6 g/d/kg DMI) offered  ad libitum by Kolver et al. 
(1999). In addition, flows of branch-chain amino acids (valine, isoleucine and leucine), 
threonine and lysine were comparable to those of dairy cows in the afore-mentioned study 
(6.0 vs. 5.0; 6.0 vs. 4.0; 6.2 vs. 7.0; 6.0 vs. 5.2 and 6.2 vs. 5.3, for valine, isoleucine, 
leucine, threonine and lysine, respectively). 
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Figure 5 12: Diurnal variation in the flows of DM (a) and total AA (b) in twin-rearing 
ewes grazing spring pasture with or without supplement 
 
Twin-suckling ewes in early lactation have high nutrient requirements, with feeding levels 
comparable to high-yielding dairy cows (AFRC, 1993) and it is therefore not surprising 
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that scale to intake, amino acid flow in the present study was comparable to that of dairy 
cows. Though there has been debate as to whether or not data from sheep and cattle could 
be used interchangeably for research, it would appear from the literature that sheep could 
be used as a model for cattle in some but not all situations (Sankey, 2005). The similarity 
of amino acid flows through the abomasum of sheep and cattle could be such that data may 
be used interchangeably, especially when animals are given high-quality pasture.  
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Figure 5 13: Diurnal variation in total nitrogen (TN) and bacterial nitrogen (BN) flow in 
twin-rearing ewes grazing spring pasture with or without a protein supplement and A and 
B representing by-pass nitrogen at 15.00h 
 
Sulphur amino acids could be potentially limiting for immune function, judging from their 
low concentrations in abomasal digesta of C compared with S ewes and the 19-23% 
increase in flow due to supplementation. The potential for an effect in limiting FEC is 
especially the case since cysteine and methionine are important in the synthesis of 
glutathione, a component of anti-oxidant defences (Grimble et al., 1992). However, this 
could not be determined directly, but the hypothesis that sulphur AA are the most likely 
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limiting AA is consistent with the prediction of methionine to be limiting for milk 
production from pasture diets (Kolver, 2003; Kolver et al., 1999). Branch-chained amino 
acids (BCAA), the flows of which were increased by 16% in the present study have 
previously been associated with amino acid – hormone interactions. These interactions are 
understood to result from the fact that BCAA are not metabolised by the liver and their 
presence in the peripheral circulation may act as nutrient signals to hormonal activity 
(Lobley, 1998). The AA flows observed in the present study were measured from a similar 
supplementation study by Xie (2003) which reported a reduction in FEC in grazing ewes 
and it may be suggesting a maximum amount of MP that needs to be offered. However, the 
prospect that the improved immune response shown to MP is to a particular rate-limiting 
amino acid has not been adequately tested (Sykes, 2008). On that basis, feeding graded 
amounts of rumen-protected protein to provide scaled levels of amino acids will be needed 
to achieve this goal. The present work simply defines appropriate rates of supplementation 
which could provide such a response.  
 
If, hypothetically, one may consider the observed augmented flow rates of AA to represent 
the needs of the immune response, one may need to ask; to what extent would pasture 
intake need to increase to match these without a need for supplementation? On this basis, it 
was calculated that DM intake would have to increase to 3.2 kgDM/d for most AA, 3.8 
kgDM/d for phenylalanine, arginine, histidine and glutamine but to 9.0 kgDM/d for the 
sulphur AA. This is well above the generally accepted predicted maximum intake of 2.6 kg 
DM/d (4% of body weight). Therefore, it seems likely that supplementation would be 
needed.  
 
There is a scarcity of information on the concentrations of plasma free AA in ewes grazing 
pasture. The present free AA concentrations are comparable to data by Sano et al. (2004) 
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where 2 year old wethers were given 2.15 x maintenance CP intake. A recent field study in 
United Kingdom with parasite-free ewes of different genotypes (Allison et al., 2008) 
reported a plasma free BCAA value of 566.1 µM which is similar to the 530.4 µM 
observed in the present study. Similarly, alanine, (261.6 vs. 275.6 µM), phenylalanine 
(72.2 vs. 72.1 µM), glycine (433.5 vs. 481.5 µM), isoleucine (128.4 vs. 144.8 µM), leucine 
(173.1 vs. 155.5 µM), methionine (34.5 vs. 31.0 µM), serine (80.0 vs. 109.3 µM) and 
tyrosine (92.4 vs. 104.7 µM) relative concentrations were also comparable those at 21 days 
after lambing if C ewes. Plasma AA concentrations were low during pregnancy and 
increased around week 3 after lambing either in a linear (isoleucine, lysine, SAA, total AA, 
glutamine, glutamic acid, taurine, cysteine, tryptophan, serine and alanine) or in quadratic 
or cubic fashion (Table 5.4). A study by Masters et al. (1993) reported decline in plasma 
AA in unsupplemented ewes during the last 3 weeks of pregnancy but later increased 
during the first 3 weeks of lactation. Though plasma AA concentrations in the present 
study were not affected by treatment, with the exception of cysteine and taurine which 
were increased in S ewes, plasma AA concentrations were lower 21 days post-partum in 
the supplemented ewes (see Table 5.7 below). After injecting methionine into the 
abomasum of ewes Stewart et al. (1993) observed a reduction in plasma EAA 
concentration on day 7 and 21 of lactation. Recently, Pitta et al. (2009) found that 3-methyl 
histidine in plasma was reduced by supplementing grazing ewes with willow stem cuttings 
and the authors attributed this to reduced degradation of body protein. Without 
supplementation, concentrations of arginine, lysine and threonine increased during the first 
3 weeks of lactation (Masters et al., 1993) but skeletal muscle degradation tended to be low 
with increased dietary CP intake (Sano et al., 2004). Thus, the degradation of skeletal 
muscle could have been the reason for the phenomenon observed on day 21 post-partum in 
the present study, though it could also have been an artefact since during this time ewes 
were being offered only 100 g/ewe/d of the supplement. However, changes in body 
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condition score between day 23 and 70 post-partum suggests that mobilisation of body 
reserves was greater for C than S ewes, with C having lost body condition than S ewes at 
end of the study. This reinforces the notion that C ewes mobilised body reserves to buffer 
the shortfall of AA to support milk production while S ewes utilised part of the dietary 
nutrients to support lactation.  
 
Observation of enzymes for transulfuration in the skin of sheep led to a suggestion that 
wool-production responses to methionine supplementation may be due to increased supply 
of cysteine from transulfuration of methionine (Liu et al., 2000). Based on that, it is 
tempting to suggest that in the present study, increased plasma methionine in C ewes 3 
weeks after lambing may have increased the flux of substrates through the transulfuration 
pathway and increased cysteine synthesis. High plasma cysteine concentration in S ewes, 3 
weeks later may suggest that transulfuration had occurred. This hypothesis is consistent 
with data of Malmezat et al. (2000) in which fractional turnover of plasma methionine was 
found to be 3 times higher than that of cysteine. 
 
The up and down trend of glutamine and glutamate between day 28 and 49 postpartum 
may be reflecting the interchangeable capacity of these AA in the inter-cellular matrix and 
their utility in mucosal metabolism. Pathways of mucosal intermediary metabolism that 
utilise the carbon skeleton of glutamine can apparently utilise glutamate equally well 
(Reeds and Burrin, 2001). However, metabolism of glutamine extracts 25-33% of arterial 
glutamine in a single pass from the mesenteric artery of rodents (Wu, 1998) while in well- 
fed piglets, the mucosal GSH-glutamate derived comes largely from direct metabolism of 
enteral glutamate (Reeds et al., 1997). The low level of glutamate in the present study may 
indicate a preferential oxidation of enterally delivered glutamate (Wu, 1998) and a reduced 
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enrichment of the extra-intestinal tissues. In the diseased state, post-absorptive levels of 
glutamate may be depressed even further by the need to synthesis glutathione. 
 
Table 5 7: Plasma EAA, BCAA and SAA concentration (µM) in twin-rearing ewes 
grazing spring pasture with or without protein supplement at day 21 post lambing. 
Parameter 21 days 
 C S % Difference SL1 
Threonine 479.3±42.73 321.0±40.82 -33.0 ** 
Valine 230.1±20.07 150.3±18.58 -34.7 ** 
Isoleucine 144.8±11.19 95.9±10.36 -33.8 ** 
Leucine 155.5±12.56 100.4±11.63 -35.4 ** 
Phenylalanine 72.1±5.72 40.3±5.30 -44.1 *** 
Histidine 59.0±4.92 36.6±4.56 -38.0 ** 
Lysine 187.5±15.97 127.1±14.79 -32.2 ** 
Arginine 155.9±17.65 105.8±17.12 -32.1 * 
Methionine 31.0±2.92 18.8±2.70 -39.4 ** 
Total EAA (mmol/L) 1.5±0.11 0.94±0.11 -37.3 *** 
Total SAA 118.2±7.95 88.9±7.36 -24.8 ** 
Total BCAA 530.4±42.66 346.5±39.49 -34.7 ** 
Total GAA (mmol/L)2 2.7±0.16 2.0±0.15 -25.9 ** 
Glutamine 418.5±30.54 313.4±28.27 -25.1 * 
Glutamic acid 194.1±13.35 113.2 ±12.36 -41.7 *** 
Taurine 48.4±9.96 75.3±9.13 55.6 * 
Cysteine 87.2±6.12 70.1±5.66 -19.6 * 
Glycine 481.5±58.00 660.8±56.31 37.2 * 
Aspartate 5.3±1.35 3.0±1.25 -43.4 NS 
Tryptophan 41.5±3.40 19.6±3.14 -52.8 *** 
Tyrosine 104.7±7.86 56.6±7.28 -45.9 *** 
Proline 133.4±15.48 98.6±14.34 -26.1 NS 
Serine 109.3±9.28 75.4±8.59 -31.0 ** 
Alanine 275.6±17.57 164.6±16.27 -40.3 *** 
Total AA (mmol/L) 3.4±0.20 2.4±0.19 -29.4 *** 
1SL = Significance level; 2Glucogenic amino acids minus asparagine 
* = P < 0.05; ** = P < 0.01; *** = P < 0.001 and NS = P > 0.05 
 
Arterial amino acid utilisation by the gut was also observed in parasitized sheep by Yu et 
al. (2000) who reported a total 24% increase in leucine sequestration across the GIT and 
that most of the leucine came from arterial sources. In the present study, plasma leucine 
was depressed in supplemented ewes at week 3 after lambing and it would be interesting to 
find how much supplementation affected the ratio of leucine drawn from arterial compared 
to gastric absorption. Based on the conditions of the current study, it would be difficult to 
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apportion how much and which amino acids were used for pregnancy/lactation and which 
for immune function. However, it possible that protein supplementation in S ewes may 
have reduced the rate of catabolism to allow dietary AAs to be used for lactation without 
completely eliminating the need from uptake of arterial AA. 
 
The number of animals needed to establish variance in parasitological measurements 
would need to be higher than the number of ewes used in the present study. However, body 
weight has been reported to be allocated low priority of scarce nutrients compared to 
reproduction (Houdijk et al., 2000), nevertheless it seems in the present study, protein 
supplementation did not result in weight gain, but instead reduced the rate of muscle 
degradation. The fact that daily gain of twin lambs from S ewes was similar to that of 
controls indicates that milk yield was not affected. This suggests a greater propensity of 
parasitized ewes to partition nutrients towards lactation and thus validates a hypothesis by 
Coop and Kyriazakis (1999) and Houdijk et al. (2000) that maternal body weight and 
immunity have a relatively lower priority for the allocation of scarce nutrients than 
reproduction. This priory of scarce MP allocation to milk production over immunity 
functions may be gradual rather than absolute (Houdijk et al., 2003). 
During pregnancy and lactation, females develop insulin resistance, reflecting a decreased 
ability of adipose and skeletal tissues to utilise glucose (Ehrhardt et al., 2001). Sano and 
Terashima (2001) found that tissue responsiveness to insulin was influenced by cold 
exposure and that effects of cold stress were modified by level of dietary protein intake. In 
the present study, could it be possible that the surge in AA after feeding influences this 
tissue-endocrine axis rather than simply providing a fuel? 
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Conclusions 
There is limited data on the amino acid supply to lactating ewes on pasture and the present 
study contributes additional information on supply of amino acids beyond the rumen. 
Prediction from flow rates that sulphur amino acids may be enhanced to the greatest degree 
by the supplementation could suggest that these may be responsible for the observed 
responses to fish meal supplements as sulphur amino acids are needed for the synthesis of 
glutathione. BCAA which were also enhanced by 16% may act as a signal to tissues and 
hormonal activity about nutrient availability. These results suggest the need for direct 
supplementation ewes at pasture since it would not be possible to attain high enough 
pasture intakes to achieve similar amino acid flow observed. Diurnal variation was greatest 
in the supplemented ewes but the pattern was altered and different from that of ewes 
without a supplement. The amino acids flows observed were measured from a similar 
supplementation which previously reported a reduction in FEC in grazing ewes and 
probably indicate maximum amount of MP needed for improved immune responses.  
 
 
CHAPTER 6 
EFFECTS OF BODY CONDITION AND PROTEIN 
SUPPLEMENTATION ON GLUCOSE AND INSULIN AFTER 
EXOGENOUS GLUCOSE INFUSION AND ON FEC DURING PERI-
PARTURIENT PERIOD IN TELADORSAGIA CIRCUMCINCTA- 
CHALLENGED EWES 
 
6. 1 Introduction 
After contrasting their data on the immune response of ewes in the peri-parturient period to 
protein nutrition and to body reserves with that of Donaldson et al. (1998), Houdijk et al. 
(2000) suggested the existence of an interaction between specific body reserves, protein 
nutrition and the expression of immunity to parasites. A nutrient-partitioning framework 
proposed by Coop and Kyriazakis (1999) as a nutritional basis for the peri-parturient 
breakdown in immunity argues that body nutrients would be used to support reproduction 
rather than immune function, when MP is scarce. Under normal conditions, during the 
breeding cycle, the maternal body undergoes unavoidable endocrine and compositional 
changes designed to provide nutrients for lactation (Robinson, 1986) and the channelling 
of nutrients to reproduction at the expense of immune function may simply be following an 
evolutionary ‘wiring’ set to enhance reproductive success in the female. 
 
Mobilization of body reserves is regulated by hormones and happens due to homeorhetic 
mechanisms under genetic drives (Friggens and Newbold, 2007). If body nutrients are 
mobilised by peri-parturient ewes to overcome limitations of dietary ME or MP supply 
caused by the combined demands of reproduction and those of the immune system, as 
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suggested by the work of Houdijk et al. (2001a), it would then be expected that an 
association between hormonal action and immune function could exist. In peri-parturient 
ewes, hormonal effects may be specifically associated with preparation for lactation, but an 
unequivocal role for prolactin or any other hormone has not yet been identified (Barger, 
1993). However, it has recently been reported by Kelley et al. (2007) that since the brain 
can orchestrate responses from leukocytes through autonomic nervous and endocrine 
systems, their interactions occurring at the hypothalamic-pituitary axis would result in 
pituitary hormones mediating the effects of the central nervous system on immune 
responses. For instance, growth hormone (GH), insulin-like growth factor 1 alpha (IGF-1 
α) (Kelley et al., 2007), insulin (Campos and Baumann, 1992) and leptin (Ingvartsen and 
Boisclair, 2001) have been linked with immune function. Therefore, it is logical that 
pregnancy or lactation associated with hormonal changes may lead to compromised 
immunity since according to Robinson (1986)  pregnancy/lactation and to Coop and 
Kyriazakis (1999) immune function results in body compositional changes to provide 
nutrients for either reproduction or immunity. In this regard, insulin resistance has been 
reported to be associated with diseases and infections, but most significantly with obesity 
and type 2 diabetes (Hotamisligil, 1999). The cause of this resistance has been reported to 
be due to molecular cytokines that inhibit hormonal action. For instance, pathological 
situations associated with high tumour necrosis factor alpha (TNF –α) show a state of 
insulin resistance (Hotamisligil et al., 1993; Pallares-Trujillo et al., 2000) while 
suppressors of cytokine signalling (SOCS) attenuate insulin signalling by binding to the 
insulin receptors and reducing their ability to phosphorylate insulin receptor substrate 
(IRS) (de Oliveira et al., 2009) 
 
During the peri-parturient period, female sheep experience insulin resistance (Petterson et 
al., 1993) and leptin declines during early lactation (Ehrhardt et al., 2001). Leptin and 
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insulin serve as adiposity signals (Baskin et al., 1999; Demas and Sakaria, 2005) about 
current body energy status. It may be plausible at this point to ask; “is the loss of immune 
response to a nematode infection due to hormone-induced changes in metabolism during 
late pregnancy such as insulin resistance? And do body composition and dietary protein 
supply influence these changes?” There is no documentation of whether such changes in 
insulin sensitivity could be related to the peri-parturient breakdown of immunity in 
livestock and whether very high levels of supply of amino acid influence these. 
Nevertheless, studies in humans (Piatti et al., 1994), rats (Blouet et al., 2006) and in sheep 
(Sano and Terashima, 2001) have suggested that high protein intakes may enhance tissue 
sensitivity to insulin (insulin sensitivity). Therefore, the aims of this trial were to determine 
whether body condition influenced immune responses and whether this response is 
reinforced by protein supplements in nematode infected ewes during the peri-parturient 
period. In addition, the study aimed to determine whether variation in glucose tolerance as 
an index of insulin sensitivity was associated with the peri-parturient breakdown in 
immunity to nematode and the extent to which this was influenced by body condition and 
by protein supply. 
 
6.2 Material and methods 
6.2.1 Experimental design 
Eighty ewes previously scanned as either twin- or single-bearing and destined to lamb 
around 24th August 2007 were selected from a large flock. Four groups, balanced for 
anticipated number of lambs, were selected. Group 1 (n = 20) were ewes with high initial 
body condition score (BCS) (mean ± SE; 3.9 ± 0.09) in which BCS was maintained 
throughout pregnancy by manipulating pasture allowance (HM). Groups 2 and 3 were 
ewes of medium BCS (3.3 ± 0.07) and were randomly allocated into two subgroups, one of 
which was offered pasture to allow gain of condition (MH; n = 20) and the second offered 
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a low grazing allowance to induce loss of body condition (ML; n = 20). Group 4 were thin 
ewes with BCS of 2.4 ± 0.09 which was maintained by routine pasture allowance (LM; n = 
20). These feeding regimes were maintained for 20 days (from day -54 to -35 relative to 
parturition). Body condition was monitored throughout this time to ensure that ML lost and 
MH ewes gained condition. HM and LM ewes were run as one mob separately from ML 
and MH ewes. From day -35 to -26 relative to anticipated date of parturition all ewes were 
introduced to a protein supplement (60 g/d) while at pasture to allow acclimatization. A 
glucose tolerance test (GTT) was conducted on all sheep during day -26 relative to 
lambing, after which the protein supplement was increased to 500 g/d, to half of the ewes 
in each group and supplement withdrawn from the reminder creating supplemented (–S) 
and non-supplemented (–NS) subgroups. During day -12 relative to parturition, a second 
GTT was carried out. All animals were treated with anthelmintic on day -21 and were 
challenged with 10 000 Teladorsagia circumcincta larvae on days -14 and -7. Protein 
supplementation was continued until day +69 relative to lambing. The layout of the trial is 
given in Figure 1. Faecal samples were taken, live weight and body condition recorded at 
the start of the trial and thereafter weekly. Lambs were weighed within 24 h of birth and 
again at 44 and 65 d after birth. Computer tomographic scanning was carried out on ewes 
at days -54, -21 and +56 relative to lambing. 
  
 
Figure 6 1: Experimental design; Ewes of different body condition grazing spring pasture 
with or without a protein supplement were challenged with T. circumcincta larvae. During 
late-pregnancy there were fed to maintain body condition (HM and LM), gain condition 
(MH) or lose condition (ML). CT= computer tomography, GTT = glucose tolerance test, 
PA = protein acclimatization, AT = Anthelmintic treatment, LC = larvae challenge 
 
6.2.2 Supplementation 
Ewes grazed an established rye grass (Lolium penenne) – clover (Trifolium repens var 
Huia) sward. The protein supplement was fishmeal-based and identical in composition to 
that described in Chapter 5. From day -26, S groups of each treatment (i. e. HM/S, LM/S, 
MH/S and ML/S) were run as one mob while the NS group (i. e. HM/NS, LM/NS, MH/NS 
and ML/NS) run as another single mob on two separate paddocks. Pasture availability was 
estimated by visual height assessment by experience personnel to assure biomass 
availability of approximately 2200 kg DM/ha, to provide an energy intake comparable to 
requirement. 
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6.2.3 Glucose tolerance test and blood sampling 
Animals were brought indoors and housed for 20 h before GTT which took place twice, on 
days -28 and -14 before anticipated lambing date. The methods of Kaneko (1989) were 
used. Sterile glucose solution (50% w/v Baxter New Zealand, Auckland, NZ) was 
administered over 1 minute at the rate of 0.44g/kg LW (Regnault et al., 2004). To calculate 
glucose dosage, live weight at 6 (GTT 1) and 3 days (GTT 2) prior to commencement of 
GTT were used. Glucose was delivered through the jugular vein using a 100 ml syringe. 
The zero time was taken as the time when total glucose load had been given. During GTT, 
blood (about 5 ml) was collected from the contralateral vein into Li-heparin-containing 
tubes (Becton Dickinson Vacutainer Systems, Plymouth, UK). Glucose analysis was done 
within 5 min of blood collection on samples collected at 0, 5, 10, 20, 40, 80 and 160 min 
after glucose infusion. Plasma was harvested by spinning the blood at 3000 g for 10 min at 
4oC and the supernatant pipetted by a 3 ml bulb pipette (SAMCO Scientific group, 
Mexico) into two 5 ml plug top test tubes (Biolab, Christchurch, NZ) for each animal. 
Samples were labelled and stored at -20oC pending analysis. 
 
6.2.4 Parasitology 
The animals were drenched with Scanda (80.0 g/L levamisole HCL and 45.3g/L 
ofendazole; Shering-Plough Animal Health Ltd, Wellington, New Zealand) at a rate of 1 
ml per 10 kg live weight on day -21 relative to lambing. Sheep grazed natural pasture 
known be infected  by nematode parasites and infection was supplemented by challenge 
with third-stage infective larvae of T. circumcincta, administered by dosing with a filter 
paper pellet onto which a solution containing 10 000 larvae had been pipetted. FEC were 
carried out on fresh faeces as described in Chapter 5. 
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6.2.6 Computer tomography (CT) 
Changes in volume of fat, muscle and bone during the course of the experiment were 
estimated in vivo using X-ray computed tomography (Prospeed, General Electric Medical 
Systems; Wilwaukee, WI USA). Scanning procedure was similar to that of Young et al. 
(1996). Animals were fasted for a minimum of 12 h prior to scanning (except scanning 
during day -21, relative to lambing) and were sedated with 1.5 ml of acepromazine maleate 
(ACEZINE 10; acepromazine maleate 13.5 mg; Delvet Pty Ltd, NSW, Australia) given 
intramuscularly, at least 30 min before scanning. Animals were restrained in a cradle while 
lying on their back as outline by Nsoso (1995). Cross-sectional scans were taken on each 
animal at the thoracic vertebrae 7 (TV7), lumbar vertebrae 1 (LV1), lumbar vertebrae 4 
(LV4) and the ischium (ISC) and from each scan image, areas and image densities were 
obtained for fat, muscle and bone components of the carcass. In addition 10 (during first 
scanning), 8 (during second scanning) and 6 ewes (during the third scanning) were 
randomly selected to represent  big, medium and small ewes for the estimation of total 
carcass tissue weights using the ‘calvaleri principle’ developed by Gundersen et al. (1988). 
The procedure was carried out according to the modified methods of (Young et al., 1996). 
In brief, instead of being precisely positioned in terms of the scanner table bed position, the 
first scan was chosen at random and subsequent slides made at equal spacing of 55 mm 
through the animal to provide an estimate of volume of 3-dimensional images. The shape 
and the orientation of the animal were not important (Nsoso, 1995). Determination of the 
area of muscle, fat and bone on each scan and the measurement of linear dimensions were 
done using the Sheep Tomogram Analysis Routines software (Jones et al., 2004). 
Individual gutted images were ‘electronically’ dissected into total fat, muscle and bone 
areas. Thereafter slices for each tissue for each animal were summed and multiplied by the 
distance between slices (55 mm) to obtain tissue volumes. Volumes were converted to 
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weight by multiplying by standard density values for carcass fat, muscle and bone of 
0.925, 1.031 and 1.549 kg/dm3, respectively (Nsoso, 1995). 
 
6.2.7 Analysis 
6.2.7.1 Glucose and insulin 
Glucose concentration was determined within 5 min of sampling on whole blood as 
outlined in Chapter 5. Insulin in plasma was analysed at Endolab (Canterbury Health 
Laboratories, Christchurch, New Zealand) on a limited number (12) of twin-bearing ewes 
after reviewing the variation in glucose tolerance data, because of cost. Selected samples 
represented ewes with high, medium and low live weight. Samples were mixed with an 
equal volume of 25% polyethylene glycol 6000 and centrifuged to remove antibodies. The 
supernatants were analysed for insulin using the automated Elecsys 2010 analyser (Roche, 
Mannheim, Germany). The inter- and intra-assay CVs were 2.0% and 3.1% respectively. 
 
6.2.8 Calculations 
6.2.8.1 Average daily gain (ADG) 
ADG for lambs was calculated as in Chapter 5 at 44 and 65 d of age. 
 
6.2.8.2 Turnover rate, increment, half-life of blood glucose and insulin 
Fractional turnover rate or disappearance rate (k) was calculated as; 
 
k (%min) = ((lnApeak – inA80) / (80 – Tpeak)) * 100 [1] (Kaneko, 1989) 
 
where A peak is the peak level of either plasma glucose or insulin, A80 is the plasma glucose 
or insulin level 80 min after glucose infusion and Tpeak (min) is the time at which the peak 
was observed. 
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Increment of either glucose or insulin was defined as the difference between the peak level 
and basal level. Half-life (T1/2), the time required for either of glucose or insulin 
concentration to fall by one half was calculated as; 
T½   (min) = (ln2/k)*100  [2]    (Kaneko, 1989) 
 
Area under the curve (AUC) for glucose and insulin was calculated according to Billo 
(2007) using a trapezoid rule during the 160 min (AUC) infusion period starting at 5 min 
post-infusion. 
 
Glucose clearance rate (CLR, min) was calculated according to Regnault et al. (2004) as 
follows;. 
CLR (min) = glucose dose (mmol/L) / AUC mmol/L x min)  [3] 
where AUC = area under the curve. 
 
6.2.9 Statistical analysis 
Two ewes from ML/NS and one from MH/NS died before completing the trial and their 
data were excluded. Differences in lamb performance (birth weights, average daily 
gains/ewe) and ewe tissue weights (muscle, bone and fat) were analysed by analysis of 
variance (ANOVA) using the general linear model (GLM) procedures of SAS  (2002-
2003). Sex, date of birth and rearing-rank were used to adjust lamb performance; where no 
significant effects were observed these were dropped from the model. The term birth type 
(Btype) was used to mean number of foetuses carried by ewes or born (single vs. 
multiples,). Btype and together with rearing-rank, were used as covariates for CT tissue 
weights when appropriate. Blood glucose and insulin responses (AUC, k, T1/2, CLR, 
increment, peak level and basal level) were analysed using Proc Mixed procedures of GLM 
SAS (2002-2003) where ewe was used as a random factor. Basal glucose was used as a 
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covariate where appropriate and interaction of treatment x period was tested but where no 
effect was observed, it was excluded from the model. Data from ewes carrying twins were 
used to analyse for insulin, therefore birth type was dropped from the statistical model. 
Correlations among CT body tissues and between body tissues and BCS were evaluated. In 
addition, correlations between tissue reference and “cavalieri” values (from a sample of 10 
randomly chosen ewes) were computed to verify if averages of three section-scanning were 
a good representation of whole body tissue levels. Basal glucose and basal insulin 
concentration were also evaluated for their correlation with CT muscle and fat.  
 
All time-series data were subjected to restricted maximum likelihood (REML) by the use 
of statement Repeated within Proc Mixed procedure of SAS (2002-2003) to estimate 
variances and covariance (Holland, 2006). Ante-dependent order one (FEC) and 
autoregression order one (dam performance and blood metabolite data) structures proved 
to be appropriate within-subject variance covariance structure according to Akaike’s 
information criterion (Wolfinger and Chang, 1998). The model for FEC, live weight, body 
condition score, blood glucose and blood insulin included the effects of treatment and 
treatment x time. However, ewe, treatment birth-type and rearing-rank were used as 
random factors to specify between-animal variation in the FEC and animal performance 
model. Ewe, birth type and live weight were used as random factors for plasma glucose 
concentration while birth type was excluded for the insulin and glucose subsample data. 
All twelve animals in the insulin data subset were carrying twins. Minimum significance 
level was set at P < 0.1 for significant difference for results of the insulin subset samples. 
 
This experiment was carried out according to Lincoln University Animal Ethics 
Committee (AEC) authority # 201. 
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 6.3 Results 
6.3.1 Live weights, body condition score, average daily growth 
More ewes gave birth to multiple lambs than to singles (8 triplet; 51 twin and 18 single-
bearing ewes). During the suckling period for some ewes, one of the multiple lambs died 
resulting in a different ranking at days 44 and 65 of age (3 triplet; 45 twin and 26 single- at 
44 d of age and 3 triplet; 40 twin and 31 single- rearing ewes at 65 d of age). The data on 
ewe live weight, body condition score and lamb average daily weight gain are shown in 
Figures 6.2 and Table 6.1. The aim of reducing or increasing live weight and body 
condition score in ML and MH animals, respectively, was only accomplished for weight as 
indicated in both Figures 6.2(a) and (c), and Figures 6.2(b) and (d) from day -54 to day -
32, relative to lambing. Fifteen days before lambing HM ewes were 21, 8.5 and 13.4 kg 
heavier (P < 0.001) than LM, MH and ML ewes, respectively, while LM ewes were 12.5 
(P < 0.001) and 7.6 kg (P < 0.01) lighter than MH and ML ewes, respectively. MH ewes 
were 5 kg heavier (P <0.05) than ML ewes. Fifteen days before lambing HM had a higher 
(4.0 ± 0.11; P < 0.001) BCS than LM, MH and ML ewes (2.5 ± 0.11, 3.4 ± 0.11 and 3.1 ± 
0.12 for LM, MH and ML ewes, respectively). During this time, LM ewes had poorer (P < 
0.001) BCS than MH and ML. MH and ML ewes however, had similar (P > 0.05) body 
condition 15 days prior to lambing. There was no (P > 0.05) difference in lamb birth 
weight due to supplementation of their dams nor was there any difference in ADG/ewe at 
44 and at 65 days of age. However, there were trends indicating heavier lambs born from 
supplemented ewes at day +65 relative to lambing (Table 6.1). 
 
6.3.2 Body composition 
The computer tomographic estimates of body composition are presented in Tables 6.2, 6.3 
and Figure 6.3. Reference muscle and fat were significantly (P < 0.001) and highly 
correlated to “cavalieri” muscle and fat (Table 6.2). Fifty-four days before lambing HM 
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ewes had the greatest (P < 0.001) body muscle and body fat (Table 6.3), though bone 
weights were similar (P > 0.05) (Table 6.3). Changes in CT muscles indicated that ML 
ewes had lost most muscle, followed by HM ewes between days -54 and -21 relative to 
parturition (Figure 6.3a). There was no change in muscle of MH ewes while LM/S gained 
0.2 and LM/NS lost 0.3 kg of muscle. At this time, CT fat weights were significantly lower 
(P < 0.001) for LM/S and LM/NS ewes (than other groups) but ML/NS had similar (P > 
0.05) amounts to LM/NS ewes. LM ewes lost the most fat (2.9 kg), while ML lost 2.7 kg 
of fat (Figure 6.3b) between days -54 and -21 relative to lambing. CT fat weight of MH 
ewes increased by 0.1 kg while that of HM ewes decreased by 0.4 kg between day -54 and 
-21 relative to lambing. Interestingly between days -21 and +56 relative to lambing, 
HM/NS ewes had lost the most fat (3.4 kg), followed by HM/S (2.9 kg) and MH/NS (2.2 
kg). In contrast, during this period LM/S had shown increase in fat (1.2 kg) while ML/S 
lost 1.6 kg of fat. There was a high and significant correlation (Table 6.6) between muscle 
and fat weights (r = 0.69, r = 60 and r = 49; P < 0.001) on day -54, -21 and +65, 
respectively, and between body condition score and fat weight (r = 0.77 and r = 0.83; P < 
0.001) on day -54 and +65, respectively.  
 
6.3.2 Faecal egg count 
Faecal egg counts are shown in Figures 6.4 and 6.5. There was no (P > 0.05) significant 
difference in FEC between ewes of different body condition (Figure 6.4a). However, 
starting from day -38 to day -32 relative to lambing, ewes kept in low body condition (LM) 
or moved from medium to low body condition (ML) tended to have higher FEC but this 
was not significant. There were no consistent trends in FEC after lambing and no effect of 
protein supplementation (Figure 6.4b). Animals in group LM, whether supplemented or not 
tended (not significant) to have highest FEC but similarly, so did the supplemented group 
in greatest body condition (HM/S), in this case significantly so on days 12 (P = 0.05) and 
17 (P < 0.05) after lambing (Figure 6.4c and d). Ewes bearing/rearing multiple lambs had 
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higher FEC counts at day -32 and +12 relative to lambing than ewes bearing/rearing single 
lambs, which was significant (P <0.05) on the latter date (Figure 6.5). 
 
 
Table 6 1: Lamb birth weight and average daily gain/ewe at 44 and 65 days of age of lambs born from ewes of different body reserves grazing spring pasture 
with or without a protein supplement. 
Treatment At birth  44 d old  65 d old 
 Wt (kg)  N*  ADG/ewe (g/d)  N  ADG/ewe (g/d)  N 
   Tri Tw S    Tri Tw S    Tri Tw S 
HM/NS 5.4 ± 0.20  1 7 2  535 ± 53.2  0 6 3  487 ± 30.6  0 6 3 
HM/S 5.4 ± 0.19  2 7 1  478 ± 50.5  2 5 3  542 ± 28.4  2 3 5 
LM/NS 5.6 ± 0.21  0 7 3  464 ± 56.5  0 7 2  423 ± 32.3  0 6 3 
LM/S 5.3 ± 0.19  0 6 4  501 ± 50.5  0 6 4  497 ± 28.5  0 6 4 
MH/NS 5.5 ± 0.19  1 7 1  544 ± 53.2  0 6 3  488 ± 30.0  0 5 4 
MH/S 5.6 ± 0.20  1 5 4  486 ± 53.2  1 4 4  547 ± 30.0  1 3 5 
ML/NS 5.1 ± 0.20  2 5 1  516 ± 56.5  0 6 2  456 ± 32.3  0 6 2 
ML/S 5.7 ± 0.19  1 7 2  430 ± 50.5  0 5 5  503 ± 28.4  0 5 5 
S L NS      NS      NS     
*Number of triplets, twin and single lambs 
 
Table 6 2: Correlation coefficients between reference body tissues levels and Cavalieri body tissue levels 
Cavalieri Muscle  Fat  Bone 
Reference -54 -21 +65  -54 -21 +65  -54 -21 +65 
Muscle 0.89*** 0.98*** 0.93**         
Fat     0.99*** 0.99*** 0.97**     
Bone         0.37NS 0.17NS 0.750.09 
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Table 6 3: Changes in CT-determined tissue composition of ewes in the treatment groups at different periods in the breeding cycle at the three measurement 
periods while grazing spring pasture with or without a protein supplement 
Treatments combination            Treatment effects 
BCS HM  LM  MH  ML  
Suppl HM/S HM/NS  LM/S LM/NS  MH/S MH/NS  ML/S ML/NS SL 
Muscle (kg)  
-54 days 12.0 ± 0.28a  9.1 ± 0.28c  10.3 ± 0.28b  11.0 ± 0.29b *** 
-21 day 11.2±0.36a  10.8±0.40ab  9.3±0.36c 8.8±0.40c  10.3±0.40ab 10.3±0.38ab  9.4±0.38c 9.8±0.46bc *** 
+56 days 11.2± 0.39 11.0±0.39  10.0±0.35 10.1 ±0.39  10.1±0.39 10.8 ± 0.37  10.7 ± 0.39 11.1 ± 0.31 NS 
Fat (kg)             
-54 days 9.4 ± 0.49a  6.7 ± 0.53b  6.9 ± 0.38b  8.6 ± 0.38a *** 
-21 day 9.0±0.51a 9.0±0.58a  3.4±0.48d 4.3±0.54cd  7.0±0.53b 7.0±0.53b  6.0±0.52b 5.8±0.62bc *** 
+56 days 6.1 ± 0.39a 5.6 ± 0.44ab  4.6 ± 0.40bc 4.6 ±0.43bc  6.0 ± 0.43a 4.8 ± 0.41bc  4.2 ± 0.49c 4.2 ± 0.49c ** 
Bone (kg)             
-54 days 3.1 ± 0.18  2.6 ± 0.17  2.8 ± 0.18  3.0 ± 0.18 NS 
-21 day 2.8±0.10ab 2.9±0.11a  2.3±0.10c 2.3±0.11c  2.4±0.10c 2.4±0.10c  2.4±0.10c 2.5±0.12cb *** 
+56 days 2.7 ± 0.12 2.7 ± 0.13  2.5 ± 0.12 2.5 ± 0.13  2.5 ± 0.13 2.7 ± 0.12  2.6 ± 0.12 2.6 ± 0.14 NS 
aMeans across rows with different superscript are different at P < 0.05 
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Figure 6 2: Live weights (a, b) and body condition score (c, d) of parasitized pregnant- and suckling ewes of different body condition grazing spring pasture 
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Figure 6 4: Effects of body condition (a), protein supplementation (b) and combination of body condition and supplementation for HM and MH (c) and for 
LM and ML (d) on FEC of ewes grazing spring pasture during pregnancy and lactation. 
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Figure 6 5: Back-transformed FEC of ewes grazing spring pasture during pregnancy and lactation and either bearing  
multiple (M) or single lambs (S) 
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6.3.3 Glucose tolerance test 
a) All the animals 
Prior to day -26 relative to parturition, none of the S groups were receiving the supplement 
but they were during the second GTT on day -12 relative to lambing. Trends in blood 
glucose responses to glucose infusion of all groups of sheep are given in Figure 6.6. Most 
indexes of blood glucose response were not influenced by period when GTT was 
determined and so GTT 1 and GTT 2 were combined during the analysis and these 
responses are presented in Tables 6.4. Basal plasma glucose was different (P < 0.001) 
between groups, being highest in HM/S and least in ML/NS ewes and was higher (P 
<0.001) during GTT 2 than GTT 1 (2.6 ± 0.07 vs. 1.3 ±0.07 mmol/L). Ewes carrying a 
single foetus had higher (P <0.001) basal glucose than those carrying multiple lambs (2.2 ± 
0.10 vs. 1.7 ± 0.05 mmol/L). Peak glucose occurred 5 min after glucose infusion (Figure 
6.6) and was not different (P > 0.05) between the groups (Table 6.4). Blood glucose 
response as indexed by increment, AUC, turnover rate, half life and clearance rate were 
similar (P > 0.05) between groups (Table 6.4). However, glucose clearance rate were 
similar during GTT2 and GTT 1 (285.0 ± 15.80 vs. 262.1 ± 13.58 min) and between ewes 
carrying multiples than those with a single lamb (284.2 ± 9.06 vs. 263.0 ± 18.44 min). The 
differences were not significant (P > 0.05). Glucose response to the infusion, in terms of 
AUC, was higher (P < 0.05) during GTT 1 than GTT 2 (703 ± 30.4 vs. 630 ± 30.4 mmol/L 
x min; Figure 6.5 and Table 6.4). 
 
b) Subsample of 12 ewes 
The blood glucose and insulin responses for the subgroups for which insulin was 
determined are given in Table 6.5 and Figures 6.7, 6.8 and 6.9. There was tendency for 
higher, though non-significant, basal insulin concentrations in HM ewes (Table 6.5). AUC 
was slightly higher in HM and MH ewes, but these differences were not significant. Trends 
in Figure 6.7 suggest greater insulin responses at GTT 1. Insulin concentration trends are 
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consistent with results obtained during GTT 1 and GTT 2 (Table 6.6). When the data was 
examined according to the supplemented and non-supplemented groups during GTT 2 
(Figure 6.8), no effect (22.8 ± 3.49 vs. 18.4 ± 2.95 pmol/L; P > 0.05) of supplementation 
was observed. An effect (P < 0.001) of time x supplement was due to higher insulin 
concentrations of sub-sampled supplemented ewes 80 min after infusion (P <0.05) during 
GTT 2 than in non-supplemented ewes. 
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Figure 6 6: Whole-blood glucose profiles after glucose infusion in parasitized pregnant ewes of different body condition while grazing spring pasture with 
or without a protein supplement at day -26 (a; before supplementation commence) and at day -12 (b, c; after supplementation was started) relative to lambing 
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Figure 6 7: Whole-blood glucose and insulin profiles after glucose infusion in parasitized pregnant ewes of different body and grazing spring pasture at day 
-26 (a, b) and day -12 (c, d) relative to lambing for a subsample of 12 ewes. 
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Figure 6 8: Effects of protein supplementation on blood glucose and insulin profiles after glucose infusion in parasitized pregnant ewes of different body 
condition at day -12 relative to lambing and grazing spring pasture 
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Table 6 4: Basal glucose (mmol /L whole blood), glucose increment (mmol/L), peak glucose (mol/L whole blood), glucose AUC (mmol/L x min), turnover 
rate (k, % /min), half life (t1/2, min), and CLR (min) of parasitized pregnant ewes of different body reserves grazing spring pasture with or without a protein 
supplement during GTT 1 and GTT 2. 
TrtSup HM/NS HM/S LM/NS LM/S MH/NS MH/S ML/NS ML/S  Main effects 
          Trt Period Btype 
Basal  2.0±0.15ab 2.3±0.14a 1.7±0.11cd 2.2±0.11a 1.8±0.14bcd 2.1±0.14ab 1.4±0.14d 2.0±0.12abc  *** *** *** 
Increm  10.9±0.95 9.2±0.91 10.5±0.85 9.9±0.86 10.5±0.82 9.6±0.81 10.4±0.87 10.6±0.76  NS NS * 
Peak 12.9±0.96 11.6±0.93 12.3±0.86 12.1±0.86 12.3±0.83 11.7±0.82 11.8±0.88 12.6±0.76  NS NS NS 
AUC*  719±57.4 643±55.2 665±53.6 632±55.8 720±55.3 717±54.3 659±60.6 575±52.6  NS * NS 
k  1.9±0.18 2.0±0.18 2.0±0.16 2.0±0.17 2.0±0.17 1.6±0.17 2.0±0.19 2.2±0.16  NS NS NS 
T1/2  38.9±5.39 39.3±5.18 44.2±5.03 38.7±5.39 38.8±5.18 46.1±5.08 39.7±5.68 33.6±4.93  NS NS NS 
CLR 277±26.0 317±26.1 253±20.4 264±21.5 278±23.6 239±23.5 262±25.2 296±35.3  NS NS NS 
 *AUC = area under the curve; k = turnover rate; T1/2 = half life; CLR = clearance rate. 
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Table 6 5: Plasma basal insulin (pmol/L), peak insulin (pmol/L), insulin increment (pmol/L), insulin turnover rate (%/min), insulin half life (min) and insulin 
AUC pmol/L x min) after glucose infusion in parasitized pregnant ewes of different body reserves grazing spring pasture with or without a protein 
supplement at -26 and -12 day relative to lambing . 
 Treatment  GTT  Main effects (P-value) 
Parameter HM LM MH ML  1 2  Treatment Supplement GTT 
Basal 5.9±1.71 3.8±1.31 2.1±2.01 3.4±1.64  3.4±1.00 4.2 ±1.05  0.57 0.09 0.53 
Peak 47.2±6.88 39.9±5.62 51.7±8.27 35.7±6.75  49.3 ±4.22 37.9 ±4.40  0.46 0.23 0.06 
Increment 41.2±5.65 35.7±5.48 49.4±7.26 32.3±5.97  45.7 ±4.00 33.6 ±4.07  0.36 0.46 0.06 
k  1.7±0.39 1.6±0.46 1.9±0.55 1.4±0.46  2.1 ±0.33 1.2 ±0.33  0.88 0.98 0.08 
T1/2 71.0±21.15 50.8±17.43 44.1±18.57 56.7±15.41  42.9 ±11.00 68.3 ±11.70  0.66 0.71 0.16 
AUC  2343±326.3 2289±303.7 2450±411.2 2106±337.8  1906 ±130.70 1611 ±137.60  0.92 0.18 0.93 
 
 
 
Table 6 6: Correlations between body tissue mass and between body condition score, basal blood glucose and plasma insulin (day -26) with mass body 
tissue (kg) at day -54, -21 and +65 from lambing 
 Muscle  Fat  Bone 
 -54 -21 +65  -54 -21 +65  -54 -21 +65 
Muscle     0.69*** 0.60*** 0.41***  0.49*** 0.56*** 0.67*** 
Fat         0.30* 0.41*** 0.12 NS 
BCS 0.57***  0.35**  0.77***  0.83***     
Basal glucose  0.20NS    0.04NS      
Basal insulin1  0.46NS    0.24NS      
1Sample size (n = 13 ewes); * = P<0.05; ** = P<0.01; *** = P<0.001; NS = P>0.05 
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6.4 Discussion 
A limitation imposed by the small sample size on insulin data may have led to a less 
variation in insulin and the attempt to demonstrate the ability to control FEC may be linked 
to insulin status was not achieved. The reason for testing the association between insulin 
and the ability to overcome FEC rise was that insulin has been implicated in immune 
function by Campos and Baumann (1992), insulin resistance has been associated with the 
outcome of disease and infection (Hotamisligil, 1999; Hotamisligil et al., 1994). Insulin 
has also been implicated with leptin in nutrient regulation and partitioning in the peri-
parturient period (Block et al., 2003). It was unfortunate that lack of variation in FEC and 
in glucose and insulin response to glucose infusion made it difficult to test the possibility 
of such hormone- immune response interactions. 
 
The present study attempted to tease out the dynamics of insulin during the peri-parturient 
period, to coincide with nutrient supplementation which was previously shown to attenuate 
the peri-parturient breakdown of immunity to parasitic nematodes (Xie, 2003). As part of 
the array of normal metabolic adaptations to late pregnancy, sheep develop insulin 
resistance in peripheral glucose-utilizing maternal tissues in order to give a competitive 
advantage in channeling of glucose to the uterus (Petterson et al., 1993). The present study 
did not demonstrate an existence of any insulin resistance. The protocol used in the present 
study whereby a single intravenous injection of glucose was administered to evaluate the 
response of glucose to insulin was adopted to provide the ability to screen large numbers of 
animals to allow examination of associations with indirect indicators of immune status (i.e. 
FEC). Clearly, a more precise method of measuring insulin status such as the euglycemic 
insulin clamp (Petterson et al., 1993) may have provided more definite data on insulin 
status, but would have limited the numbers of animals that could have been used. The 
average insulin half life was similar to that reported by Regnault et al. (2004) in pregnant 
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sheep but basal plasma insulin concentration was not different between groups. The fact 
that these data revealed a tendency for greater insulin responses (peak, increment, and k) at 
GTT 1 than GTT 2 (see Table 6.5 and Figure 6.7), and for the supplemented than non-
supplemented groups during GTT 2 (Figure 6.8), though not significantly so, implies 
changes in insulin-glucose metabolism dynamics as animal approaches term and or when 
exposed to protein supplement, which may imply nutrient partitioning as would be 
anticipated from studies of Block et al. (2003), and Petterson et al. (1993; 1994). Insulin 
has anti-catabolic effects on body nutrients, and according to Petterson et al. (1994), the 
general development of insulin resistance during late pregnancy includes a reduction in the 
anti-lipolytic response to insulin. When this phenomenon is viewed against body 
composition data in the present study, which show that HM ewes lost more protein than fat 
while LM gained body protein but lost fat at day -54 to -21 relative to lambing, there is a 
possibility of altered nutrient metabolism due to re-setting of insulin effects in ewes 
differing in body condition. 
 
Glucose tolerance (T1/2) in the present study was comparable to the 38 min recorded by 
(Wastney, 1980) but faster than 57.4 min for pregnant sheep reported by Regnault et al. 
(2004) at 135 d gestation age. Insulin responsiveness (IR) was estimated by dividing 
insulin increment (mean of the subsamples for each body condition treatment) by glucose 
increment to determine how much insulin above fasting levels responded to one mmol/L of 
glucose. Elevation of basal insulin concentration during a glucose tolerance test indicates 
normal glucose tolerance (Bagdade et al., 1967). Insulin responsiveness, based on data 
from subsample ewes, was different (P < 0.001) between groups, being highest in MH/S 
(5.3 pmol/mmol of glucose) and least in ML/S (3.5 pmol/mmol of glucose) ewes. HM/NS, 
HM/S, LM/S and LM/NS had similar IR (4.1, 4.3, 4.2 and 3.8 pmol/mmol of glucose, 
respectively). Similar IR was also observed between MH/NS and ML/NS ewes (4.8 and 
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4.9 pmol/mmol). Insulin responsiveness tended (P = 0.06) to be lower during GTT 1 than 
GTT 2 (4.2 ± 0.13 vs. 4.5 ± 0.13 pmol/mmol), but was higher (P < 0.01) in ewes carrying 
singles than multiples (4.7 ± 0.20 vs. 4.0 ± 0.10 pmol/mmol). The index IR was calculated 
based on data of sub-sampled ewes and was applied both to animals carrying multiple and 
to singleton lambs. Therefore there is likelihood of differences in insulin concentrations 
between ewes carrying multiples and singleton lamb, and this could affect the results of IR 
differently. In addition, the protocol was limited in that it did not allow for the glucose to 
be regulated at constant levels so as to allow monitoring of response of insulin sensitivity 
more precisely. 
 
In general the effects of body condition or supplementation could not be shown by the 
present study even though Petterson et al. (1993) observed that undernutrition attenuated 
the increase in glucose clearance rate associated with pregnancy. The lack of effect of body 
condition and protein supplementation on glucose responses may well be explained by the 
lack of sensitivity of the GTT technique but the tendency for differences in peak glucose 
and insulin response between GTT 1 and GTT 2 and between ewes carrying multiples and 
those carrying a single lamb is expected due to increased usage of glucose by the multiple 
foetuses as parturition approaches. 
 
An attempt was made to tease out an association between rise in FEC with insulin and 
glucose responses. On that basis ewes were categorised as having high (H) or low (L) 
glucose CLR per kg CT fat during GTT 2 thus resulting in H and L groups, relative to the 
mean minus an arbitrary ¼ standard deviation (stddev) (i.e. higher or lower than 37.2 
ml/min). Ewes which had higher or lower IR than the mean (0.53 pmol/mmol) minus ¼ 
stddev were categorised into H and L respectively. A combination of IR and glucose CLR 
groups was constituted to result in HH, HL, LL, LH groupings. In addition, ewes which 
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had insulin AUC (AUCin) per kg LW higher or lower than the mean minus ¼ stddev (i.e. 
26.9 pmol x min/L) were categorised as either high (H) or low AUCin (L) respectively. 
FEC was then analysed based on these CLR, IR and AUCin groupings and results are 
shown in Figure 6.9. Ewes which had low insulin responsiveness but high clearance rate 
(LH) had >300epg and 200 peg compared to 28 and 9 peg of HH, 13 and 13 peg of HL and 
28 and 26epg of LL ewes during 12 and 17 days after lambing respectively (Figure 6.9c). 
High glucose clearance rate probably indicates greater foetal metabolic demand in twin-
bearing ewes that resulted in low maternal plasma glucose during glucose tolerance test in 
a study by Rumball et al. (2008). Maternal insulin resistance would presumably bring forth 
much of the glucose sparing effect of twin-pregnant ewes (Bell and Baumann, 1997). The 
breakdown of immunity to nematode parasite with a consequent rise in FEC would be 
expected to be higher in multiple-rearing ewes according to the studies by Donaldson et al. 
(1998) and Houdijk et al. (2006). Plasma glucose disposal by multiple-bearing ewes would 
also be expected, due to more than doubled foetal glucose requirements in late-pregnant 
ewes carrying twins (Bell and Baumann, 1997). These factors may suggest a likelihood of 
a link between insulin metabolism and immune function in highly productive nematode 
infected peri-parturient ewes.  
 
Though the present study was an attempt to search for an underlying mechanism involved 
in achieving restoration of immune function during the peri-parturient period with diets 
(Sykes, unpublished data) and body conditions (Houdijk et al., 2001a) previously found to 
be effective in reducing rise in FEC, parasitological responses were also evaluated. 
Differences in body condition and protein supplementation were not associated with 
differences in parasitological response in terms of FEC (Figures 6.4 and 6.5). The lack of 
response may be because the larval challenge was too low or all groups were well fed 
above a minimal threshold where immunity would be penalised. In addition, they may 
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have been in too good a body condition. Comparing body fat and protein of ewes used in 
the present study, between day -54 and -21 relative to lambing, with those used by Houdijk 
et al. (2001a) during approximately the same period, reveals similarity in body fat and 
protein percentage changes between ML ewes in this study and ewes manipulated by 
dietary means to lose body reserves by Houdijk et al. (2001a) (31.3 vs. 26% fat loss and 
13% vs. 11.2% muscle loss, respectively). Similarities were also observed between ewes 
with high body condition and allowed to maintain condition (HM) in the present study and 
those allowed to maintain body reserves in the afore-mentioned study (4.2 vs. 2.4% fat loss 
and 8.3 vs. 8.5% muscle loss). Despite this matching fat and protein changes, at day -21 
relative to parturition, ewes used by Houdijk et al. (2001a) were in a lower body condition 
than those in the present study at a corresponding time (day -15) suggesting that perhaps 
the present ewes were in too good body condition to show a peri-parturient breakdown in 
immunity. 
 
Maternal weight loss during pregnancy may be a practical indicator of the likely magnitude 
of the peri-parturient rise and subsequent immuno-responsiveness to increased MP supply, 
even though it does not provide an indication as to the specific importance of body protein 
mass in the maintenance of immunity to infection (Kahn, 2003). In the current study, it was 
possible to get a more direct evaluation of compositional changes by the use of computed 
tomographic scanning. This revealed some interesting differences between groups in body 
tissue changes during pregnancy and lactation. Though all animals lost body weight during 
the peri-parturient period, CT scanning revealed that different groups mobilised both body 
protein and fat to different extents. Russell et al. (1968) have observed that body protein is 
preferentially mobilised in the first stages of nutrient loss during pregnancy in hill ewes. 
This was in accordance with the present HM ewes which lost proportionately more protein 
than fat early in the trial at day -54 to -21 relative to lambing. In contrast, LM ewes gained 
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protein but lost fat. The present data confirm that body composition can be manipulated by 
dietary means during lactation, as reported by Robinson (1986) whereby low levels of a 
high protein diet resulted in an increase of body fat without major shift in protein. This was 
observed in LM/S ewes though in this present case it occurred at day -54 to -21 relative to 
lambing. During Day -21 to +56 relative to lambing LM ewes gained both muscle and fat, 
a phenomenon related to the findings of Sykes (unpublished data) whereby ewes of low 
condition were heavier during lactation than those previously on high allowance during 
mid-pregnancy. These differences may be indicating variation in metabolic settings in 
inherently fat versus lean ewes. On the other hand, ewes which were caused to either (MH) 
gain or lose (ML) body condition by dietary manipulation at the beginning of the study 
mobilised both protein and fat differently from either HM or LM ewes, respectively. This 
may implies the possibilities of two operating mechanisms and also may be suggesting an 
indirect involvement of dietary nutrients in metabolic setting. Houdijk et al. (2003) 
contended that protein studies do not always show consistent results in terms of affecting 
the degree of breakdown of immunity to parasites due to the use of inappropriate levels of 
MP intake. However, based on the finding of Houdijk et al. (2001a) that body protein was 
important in overcoming the limitation of MP scarcity on peri-parturient breakdown of 
immunity, it may well be that variable responses of groups of animals with different body 
protein reserves, also contribute to the inconsistency reported by Houdijk et al. (2003). 
This suggests that care will be needed in the use of body weight to assess nutritional 
changes during pregnancy which may affect immune responses. More especially that 
during pregnancy conceptus growth would mask changes in maternal weight. In addition, 
an increase in tissue hydration, particularly in the amounts extracellular fluid, which in 
sheep, a ratio of 10% in water:protein is possible (Robinson, 1986). It is thus argued that 
the influence of past and current body composition on the animal’s future responses to 
nutritional changes and future immune response be recognised. In addition, the idea of 
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indirect involvement of dietary nutrients in metabolic setting may be in line with a 
hypothesis by Sykes (2008) that responses to nutrition (observed during restoration of 
immunity) may be driven by indirect effects of nutrition on metabolic setting rather than on 
a strict immune system-nutrient demand-supply basis. 
 
 
a)
0
10
20
30
40
50
H
L
b)
0
10
20
30
40
50
60
H
L
 
B
a
c
k
-
t
r
a
n
s
f
o
r
m
e
d
 
F
E
C
 
(
p
e
g
)
 
c)
0
50
100
150
200
250
300
350
-38 -32 -24 -18 -11 0 12 17 24 31 38 45 53 58 65
Time from Lambing (d)
HH
HL
LH
LL
d)
0
20
40
60
80
100
120
-38 -32 -24 -18 -11 0 12 17 24 31 38 45 53 58 65
Time from lambing (d)
H
L
 
*
*
n = 24  
n = 10 
n = 10 
n = 31 
*
Figure 6 9: Back-transformed FEC of parasitized ewes grazing spring pasture during pregnancy and lactation with H or L insulin Resp/kg fat (a), H or L 
glucose CLR/kg fat (b) and combination of insulin Resp/kg fat and glucose CLR/kg fat and  (c) and AUCin/kg LW (d) at day -12 relative to lambing  
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Conclusions 
No differences were detected in glucose response due to body condition and protein 
supplementation but were observed between GTT1 and GTT2 and between ewes of 
different lamb ranking. Taken together with the greater insulin response during GTT 2 than 
GTT 1, and between the supplemented and non-supplemented ewes, these data, though 
limited by sample size, imply the existence of hormonal metabolism which may explain 
differences in body protein and fat mobilisation. If insulin resistance does exist in peri-
parturient nematode infected ewes, the natural drive of the animals to secure nutrients for 
the foetus(es) may be the results of such hormonal impairment. The current study failed to 
demonstrate effects of protein supplementation and body condition on FEC or establish a 
link between FEC and insulin status. However, differences in glucose tolerance due to 
ewes’ foetal ranking and differences in FEC rise between ewes carrying or suckling 
multiples and those carrying a single lamb may suggest an existence of such a link for 
lamb ranking. The data presented here suggest the need body composition studies to give a 
full perspective on the nature of changes in body weight.  
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CHAPTER 7 
GENERAL SUMMARY 
 
The issue of the adequacy of the protein supply at pasture has been controversial for some 
time. On the one hand, the large intake of readily degradable protein and the consequences 
of dealing with excessive nitrogen have provided concern for the survival and development 
of embryos at early pregnancy. On the other hand  and reflecting the fact that in a 
nutritional sense it is the quality and quantity of specific amino acid which matters, the role 
of the rumen in modulating protein supply has raised the question of the adequacy of the 
(largely) microbial protein supply in meeting the amino acid requirements. This has been 
the case particularly at times of high demand for nutrients for production (growth, 
pregnancy and lactation). More recently, it has been appreciated that components of 
maintenance requirement may be more complex and in grazing animals need to include a 
specific component for immune system function. 
 
Incidence of large-offspring syndrome from in vitro fertilization (Young et al., 1998) led to 
interrogation of components of culture medium used and resulted in the suggestion that 
excessive nitrogen may be associated with reduced fertility, embryo development and 
viability. This was explored in the first two studies. On the other hand, increasing 
nutritional intake through supplementation is effective in restoring immune function. 
However, though data on the supply of amino acid beyond the rumen in sheep grazing 
tropical grasses is available (McMeniman et al., 1986) none have investigated in sheep 
grazing ryegrass-white clover. Neither is the mechanism underlying the channelling of 
nutrients from dietary or endogenous body reserves to the immune system. The last two 
experiments investigated the supply of amino acids and the mechanism involved. 
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 The first two experiments have suggested that urea from high-protein pasture does not 
impair reproductive performance of livestock grazing high-quality spring ryegrass/clover 
pasture or lush autumn re-growth. This is despite the fact that in both studies (Chapter 3 
and 4) plasma urea was consistently high during breeding. No correlation was observed 
between plasma urea concentration and reproductive indicators. The fact that cows with 
high plasma urea concentrations had similar pregnancy rates, calving to conception 
interval, calving interval and conception to first service interval to cows with low plasma 
urea concentration suggests similar effects on both groups. In fact, repeatability of urea 
concentration was low, even though these may be attributed to less sampling from 
individual cows. The concern for detrimental effects of plasma urea on fertility arose from 
studies utilising total mixed rations in the Northern Hemisphere in which highly 
degradable protein affected reproduction of dairy cows (Canfield et al., 1990; Elrod and 
Butler, 1993; Folman et al., 1981) and sheep (Bishonga et al., 1996; McEvoy et al., 1997). 
However, some dairy studies (Dawuda et al., 2004; Laven et al., 2004) did not find any 
damage to embryo development when cows were fed diets that caused elevation of blood 
urea and ammonia. Pastures in NZ during spring contain high protein (Chaves et al., 2002; 
Moller et al., 1993) and it was conceivable that when animals are turned out to spring 
pasture during mating they would be negatively affected. Though plasma urea sampling 
was not done after insemination/conception but instead spot sampled during the breeding 
circle, the results of the present dairy study point to the contrary. Cows selected for high 
milk yields may reflect change in endocrine setting, predisposing them to detrimental 
effects of high urea and ammonia levels. This may be in line with a study by Ferguson et 
al. (1993) in which cows in herds with high conception rates were less affected by 
increasing urea nitrogen than cows from a herd with low conception rates. Other factors 
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may include high negative energy balance; high-producing cows with high negative energy 
balance at early lactation may have inherently reduced chance of re-breeding activities.  
The study with sheep (Chapter 4) also showed that grazing lush autumn re-growth does not 
affect reproductive performance. Despite the high plasma urea concentrations in these 
studies, the observed reproductive wastage was consistent with normal reproductive 
wastage reported by Kelly (1982) and by Kleemann and Walker (2005a) for NZ and 
Australian sheep. It was observed that sheep offered a high-protein diet consisting of lush 
autumn pasture had similar ovulation rate, conception rate, foetal loss, neonatal loss and 
mean lamb birth weight as ewes offered a low-protein diet consisting of hay and barley. 
Even when ewes were categorized as having relatively high (HU) or low plasma urea 
concentrations (LU), embryo mortality, foetal death rate and neonatal viability were 
similar. In addition, the proportion of lambs categorized as oversize was similar in both the 
high- and low-protein diets and at high and low plasma urea concentrations, suggesting 
lack of an effect on development. Implications from the present results with cows and 
sheep support the recent suggestion by Ordonez et al. (2007) that ruminants grazing high-
protein NZ pasture may be adapted to high circulating concentrations of urea. 
Alternatively, the results may imply that incidence of deleterious effects from controlled 
studies suggests a more complex aetiology in those studies and that high protein supply 
from pastoral settings may not compromise reproductive performance. 
 
The study on supply of amino acids is the first to report the flow of amino acids in 
parasitized twin-rearing ewes on pasture. Increased MP intake has previously been 
reported to reduce the rise in FEC and restore immune function in peri-parturient ewes 
indoors (Donaldson et al., 2001; Houdijk et al., 2000). The present work (Chapter 5) 
quantified the changes in amino acid flow through the abomasum when pasture was 
supplemented with fishmeal-based supplement which had previously been shown to be 
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effective in maintaining immunity. Flow of all amino acids including diaminopimelic acid 
(DAPA) was increased on average by 16% due to protein supplementation. Sulphur amino 
acids were the most enhanced by 21%, an interesting observation since cysteine and 
methionine and glutamine are important in the synthesis of glutathione, a component of 
anti-oxidant defences (Grimble et al., 1992). Sequestration of leucine across the GIT has 
been shown to increase by 24% (Yu et al., 2000) in nematode-infested sheep. Interestingly 
leucine flow was increased by 20% by supplementation and could have had positive 
implication for mucosal immune function. These flows may be suggesting a maximum MP 
that needs to be supplied, however to identify specific limiting amino acids, graded 
amounts of MP would need to be fed to provide scaled levels of AA which would perhaps 
indicate which AAs are limiting. If increases in amino acid flows are hypothetically 
considered to represent the needs of the immune function, it may be of interest to know 
how much pasture intake would need to be increased to match these without a need for 
supplementation. On this basis, dry matter intake would have to increase more than the 
generally accepted predicted maximum intake of 4 % of body weight. These results 
therefore put a case for supplementation of nematode-infested peri-parturient sheep on 
pasture particularly in twin-bearing sheep. During the design of this experiment, the 
complex demands to enable measurement of AA flows being incompatible with the large 
numbers of animals needed for valid parasitological data were recognised. However, a 
more rapid increase in FEC in unsupplemented ewes following anthelmintic treatment and 
its reduction when these ewes were supplemented as treatments were reversed suggests 
that the beneficial effects of increased protein supply were operating. Lamb performance 
was similar between S and C ewes indicating that reproduction was not penalised in line 
with Coop and Kyriazakis (1999)’s nutrient-partitioning framework. But, given the trend 
for greater FEC in C ewes, it suggests that immune responses are more sensitive than 
lactation to increase MP supply, as previously observed by Houdijk et al. (2003). There is a 
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scarcity of information on plasma free AA in parasitized pregnant ewes on pasture. The 
current data would contribute to the understanding of mobilisation of nutrients in infected 
ewes in the peri-parturient period. The reduced plasma amino acids at day +21 after 
lambing in S ewes may indicate a sparing of skeletal muscle from degradation. Masters et 
al. (1993) recorded increases in plasma arginine, lysine and threonine during the third 
week of lactation in unsupplemented ewes. This was considered necessary to support milk 
production. On the other hand skeletal muscle degradation was reduced by increased 
dietary crude protein (Sano et al., 2004).  
 
The difference in blood glucose between S and C ewes may be suggesting hormonal 
involvement in nutrient partitioning as an explanation for relaxation of immunity in peri-
parturient ewes. This theory was investigated in the last experiment (Chapter 6). After 
reviewing Donaldson et al. (1998)’s data, Houdijk et al. (2000) suggested the existence of 
an interaction between body reserves, protein nutrition and expression of immunity to 
parasites. The possible existence of such interactions was suggested in data in 
supplemented grazing ewes (Sykes, unpublished data) as effects of body condition score 
on relaxation of immunity and response of FEC to protein supplementation were 
inconsistent during late pregnancy in ewes in different body condition. Data obtained from 
computed tomography (CT) showed that ewes entering late pregnancy in poor body 
condition score (i.e. LM group) mobilised less muscle than those entering with higher body 
condition score (i.e. HM group). On the other hand, ewes which were fed to either gain or 
lose body condition, at start of experiment, mobilised body nutrients differently. Unlike 
HM, MH ewes maintain body muscle 3 weeks before lambing while ML, in contrast to LM 
ewes, lost body protein. MH gain CT fat while ML ewes lost body fat 3 weeks before 
lambing. Data from LM and ML grouping show that supplemented groups lost the most 
fat, which was consistent with the literature (Robinson, 1986). Houdijk et al. (2003) 
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contended that protein studies do not always show consistent results in terms of affecting 
the degree of breakdown of immunity to parasites due to the use of inappropriate levels of 
MP intake. However, based on the finding by Houdijk et al. (2001a) that body protein was 
important in overcoming the limitation of MP scarcity on peri-parturient breakdown of 
immunity, it may be that, body protein partitioning by groups of animals with different 
body reserves would also contribute to the inconsistency was reported by Houdijk et al. 
(2003). An attempt to demonstrate that the ability to control FEC may be linked to insulin 
status provided equivocal data. The lack of significant effects due to protein 
supplementation or body condition on parasites may be indicating low parasite challenge 
or lack of MP scarcity for immunity to be penalised. This experiment involved three 
shortcomings; possible low parasite challenge, small sample size for insulin data and 
ineffective experimental protocol for testing insulin response. Future experiments may 
consider using the hyperinsulinemic euglycemic clamp approach to more precisely 
estimate body responsiveness to insulin. 
 
These experiments were set up to determine the effects of protein supply from pasture. The 
first two experiments investigated the previously reported detrimental effects of highly 
degradable protein on fertility. Since mating of dairy cows and ewes occurs during turnout 
to high-quality spring pasture and lush autumn re-growth, it was imperative to test this 
theory on pastoral conditions of NZ. The results of these first two studies suggest no 
impairment of reproductive performance. The last two trials however, were not necessarily 
testing the nutrition-parasitology interaction but rather the possible underlying mechanism 
that could be responsible for restoration of immunity due to supplementation and/or 
mobilization of body protein. The results indicate that protein supplementation previously 
associated with overcoming the limitation of MP scarcity in the peri-parturient ewe 
actually enhanced the supply of amino acids to the gastrointestinal tract. This enhancement 
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was accompanied by reduced skeletal muscle degradation and may not be met by 
increasing pasture intake. Animals of different body condition may mobilise different body 
nutrients to different extents. The differences appear to exist in animals inherently fat or 
lean and between those fed to gain or lose condition. These differences may result in 
variation in immune response to protein supplementation and also implicate hormonal 
involvement. 
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 APPENDICES 
Appendix 5.1: Processing of rumen digesta for rumen microbes 
 
Rumen samples were homogenised with a Polytron homogeniser at 15.000 rpm x 1 min 
repeated 3 times on the day of collection. The homogenised samples were stored at 4oC for 
24 h. The following day samples were placed in centrifuge tubes and spun for 15 min at 
25000 x g at 4oC (Beckman Instruments, California, USA). The supernatant was discarded 
and a similar amount of rumen buffer (≈ 100 ml) was added and samples vortexed (Model 
250VM, Hwashin Technology, Korea). After vortexing, samples were incubated for 30 
min at 39oC and then placed in a freezer (-20oC) for further 30 min and then left at 4oC 
until the following day. The following day samples were centrifuged at 25000 x g for 15 
min at 4oC. The supernatant was discarded and 100 ml saline used to reconstitute the pellet 
by vortexing. The above cleaning process was repeated. After letting the sample rest for 5 
min, 10 ml of 50% sucrose was added between the layer of the rough material and the 
supernatant. Samples were centrifuged again at 1000 x g for 5 min at 4oC. The supernatant 
was obtained in a clean container, avoiding contamination with debris. The supernatant 
was poured back into a clean centrifuge container and spun at 25000 x g for 15 min at 4oC. 
The supernatant was discarded and saline (≈ 100 ml) added to the pellet and centrifugation 
was repeated. After discarding the supernatant, the bacterial pellet was reconstituted with 
15 ml saline and the suspension placed in 70 ml containers and frozen, then freeze dried. 
Before analysis the samples were pooled together across subjects due too small quantities 
of samples. 
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Appendix 5.2: Amino acid analysis in abomasal digesta, ruminal bacteria, pasture and 
protein nuts samples (Hydrolysis method) 
 
Ten microliters of internal standard (α-amino butyric acid; 0.5 M) and 5.0 ml of 6M 
hydrochloric acid was added into each tube. Tubes were put in an ultrasound bath 
(Transsonic 460, Geprufte Sicherheit, Germany) for 5 min and purged with nitrogen gas 
and the lids screwed tightly. After 20 h in a block heater (Ratex DBH30D, Ratek 
Instruments PTY LTD, Australia) at 110ºC, tubes were allowed to cool to room 
temperature. After cooling, samples were transferred into a round bottom flask using 
nanopure water. Anti-bumping granules were added into the flask and the contents 
evaporated to dryness in a water bath under a rotary evaporator (Buchi Labortechnik, 
Switzerland). After drying, samples were reconstituted by nanopure water and washed 
down using a bent-tipped glass rod. The sample was then transferred to a 50 ml volumetric 
flask and topped up with nanopure water. The contents were mixed well and passed 
through a 0.45 μm syringe filter (13 mm diameter, Labserv, Biolab, New Zealand) into 
HPLC vials. Vials were frozen at -20oC pending analysis. 
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Appendix 5.3: Oxidation method for analysis of cysteine and methionine in abomasal 
digesta, ruminal bacteria, pasture and protein nuts samples. 
 
Freeze-dried abomasal digesta, the rumen bacterial pellet, pasture and protein nuts samples 
were weighed (0.10 g) into 50 ml round-bottom flasks. Performic acid was generated under 
a fume hood by mixing 90:10 v:v of formic acid and  hydrogen peroxide in a flat-bottom 
flask for 1 h then placing the flask in an ice bath for 15 min. Each round-bottom flask, with 
sample, received 5 ml performic acid and was mixed well. Parafilm-sealed flasks were 
placed on plastic racks inside the ice box and the flasks surrounded with ice. The box was 
covered and placed in a cold room (4 oC) for 17 h. On the next day, 0.75 ml hydrobromic 
acid (HBr) was added into each flask while still in ice box to react with excess performic 
acid. After the reaction had slowed down, flasks were placed at room temperature. Samples 
were then dried in a vacuum evaporator at 40 oC. Dry samples were dissolved in 25.0 ml 
6N HCL and then flasks placed in an oil bath at 115-120 oC under reflux for 23 h. After 23 
h reflux the apparatus was flushed with nanopure water and the flasks taken out from the 
oil bath. Samples were then dried in the vacuum evaporator at 40oC. Dry samples were re-
dissolved by adding nanopure water and transferred into a 50 ml volumetric flask. The 
solution was filtered through a 0.45 µm filter and stored in vials at -20oC until analysis.  
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Appendix 5.4: Example of calculations for flow rates 
 
Ewe  Infusion rate (mg/d) Conc in whole digesta (mg/kg) Conc in filtrate DM of whole digesta 
 Yb  Cr Yb Cr Yb Cr  
120 136.9 2366.8 50.3 53.4 0 43.8 3.51 
 
Proportion of Cr in whole digesta as a fraction of that infused = 53.4/2366.8 = 0.0226  
 [1] 
Proportion of Cr in filtrate as a fraction of that infused = 43.8/2366.8 =0.0185 
 [2] 
 
Proportion of Yb in whole digesta as a fraction of that infused 50.3/136.9 =0.367 
 [3] 
 
Reconstitution factor as defined by (Faichney, 1980) is as follows 
 
R = (digesta Yb – digesta Cr)/ (filtrate Cr – filtrate Yb)     
 [4] 
 
For Ewe 120; R = ([3]- [1]) / ([2] -0.001) or (0.367 -0.0226) / (0.0185 – 0.001) = 19.68 
 
True digesta Cr = (digesta Cr + (R x filtrate Cr)) / (1+R) (Faichney, 1980)   
 
For Ewe 120; True digesta = (0.0226 + (19.68 x 0.0185)) / (1 + 19.68) = 0.0187 
 [5] 
 
True digesta flow = 1/ true digesta Cr (Faichney, 1980) 
 
For Ewe 120; True digesta flow = 1/0.0187 = 53.48 liters/day 
 
Express as dry matter of whole digesta; Dry matter flow = (3.51/100) * 53.48 = 1.88 
kg/day 
 
There fore water flow = (96.49/100)* 53.48 = 51.60 kg/day 
 
Example for amino acid flow; 
 
Flow of Aspartic acid (concentration in abomasal digesta = 16.7g/kg) 
 
Substitute in Equation 5; (16.7 + (19.68) / (1 + 19.68) = 10.32 
 
Converting to dry matter = 10.32 x 1.88 = 19.4g/day 
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